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ABSTRACT 
 
There must be genetic change both through time and over space for organisms to adapt to local 
environmental conditions. Gene flow inhibits genetic differences from accumulating over space, 
while the magnitude of the variance in reproductive success among adults sets the upper limit on 
the rate of change through time. The chapters included in this dissertation present a series of 
investigations into the factors and processes that influenced the magnitude of gene flow among 
the smallmouth bass that inhabited a small-scale connected river-lake system. In Chapter Two, I 
determined the distance that smallmouth bass had dispersed from their natal sites during the first 
year of life and where adult males nested relative to the location of their own natal sites. More 
than three-quarters of the offspring were captured within 1 km of their natal sites. Nearly a third 
of the males that hatched in the river habitat were found to have spawned within the same pool in 
which they hatched and 12% of the males that hatched in the lake habitat nested within 150 m of 
their natal sites. The fact that many offspring reproduced in close proximity to their natal sites 
suggests that there would be restricted gene flow over space and strong potential for spatial 
structure to exist between smallmouth bass at fine spatial scales. Chapter Three examined how 
the traits of individual parental male smallmouth bass influenced the number of offspring that 
they contributed to the next generation. Male body size was positively related to reproductive 
success during the parental care period (i.e., mating success and the number of fry raised to 
independence) in both the lake and river habitats and to the number of adult male offspring that 
were found to have been sired by the males that reproduced in the lake. In the river the number 
of adult male offspring that a male had sired was negatively related to the day of the reproductive 
period on which it had spawned and unrelated to male body size. These results indicate that 
different male traits were under selection in the two habitats. In Chapter Four, I evaluated how 
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the ages at which male smallmouth bass spawned for the first time influenced their reproductive 
lifespans (i.e., the number of reproductive seasons in which they spawned) and the number of 
offspring they produced during their lifetimes. The males that first spawned at age-6 (i.e., that 
had delayed first reproduction three years beyond the first age that reproduction was possible, 
age-3) were found to have had the greatest lifetime reproductive success in the lake, however, 
males that first spawned at ages 4-6 had very similar success in the river. Reproductive lifespan 
was found to be positively related to lifetime reproductive success in both habitats. There 
relationship between parental male age and fertility was stronger among the males that 
reproduced in the lake than those that spawned in the river. This resulted in there being greater 
fitness benefits for the males that delayed reproduction beyond the first age possible in the lake 
than in the river. In Chapter Five, I investigated whether the restricted natal dispersal patterns 
documented in Chapter Two and the variance in reproductive success reported in Chapters Three 
and Four were associated with population structure among the male smallmouth bass. Males that 
nested near each other tended to be more closely related than males on more distant nests in the 
river, but there was no relationship in the lake. There was consistent genetic differentiation 
between the males that spawned in the lake versus the river over a number of years and year-
classes. There were differences in the gene frequencies of groups of males that spawned in the 
same habitat in different years, however, they were small relative to the differences between the 
groups of males that spawned in different habitats in the same year. Chapter Six reported a case 
of interspecific hybridization between a male smallmouth bass and female largemouth bass that 
occurred in one reproductive season. Taken as a whole, these studies indicate that restricted natal 
dispersal is capable of producing genetic differentiation at very fine spatial scales and can be 
linked to life history divergence when the traits under selection vary over space.  
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CHAPTER ONE: INTRODUCTION 
 
 Gene flow is the force of genetic homogenization. The number of migrants shared by 
spatially organized groups of individuals limits the potential for genetic divergence and 
population structure to develop over space (Wright 1943, 1946). As a result, the distance that 
organisms disperse from the place that they are born (or hatch) to the place that they reproduce 
controls not only the spatial relationships among individuals but the opportunity for selection to 
promote local adaptations between genetically differentiated groups of individuals. Physical 
barriers that prevent or limit individual movements are responsible for restricted gene flow in 
many cases (e.g., Opdam 1991; Ruzzante et al. 1999; Sork et al. 1999; Manel et al. 2003; 
Bekkevold et al. 2005; Hemmer-Hansen et al. 2007). However, there can be restricted gene flow 
in the absence of physical barriers. Ward et al. (1992) found that species’ mobilities (i.e., vagility 
or dispersal potential) were strongly correlated to the magnitude of population structure detected 
by allozyme analyses over space; there was generally less population structure present among 
more mobile species than more sedentary taxa. Selander (1970) used molecular markers to 
document that gene flow can be restricted at very-fine spatial scales when he found that the 
genotypes of house mice (Mus musculus) were spatially clustered within and between the barns 
on a farm, presumably due to restricted movements, family structure, and genetic drift. Recently, 
studies utilizing hypervariable microsatellite markers have found fine-scale population structure 
to be correlated to restricted natal dispersal in organisms that inhabit continuous environments 
and that are capable of long distance movements (e.g., Double et al. 2005; Neville et al. 2006; 
Busch et al. 2009; Maher 2009). This should not be surprising considering that dispersal has 
been documented to carry costs that would lead to selection against migratory behaviors when 
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the costs of remaining near the natal site are less than the costs of dispersing (Greenwood 1980). 
These examples indicate that dispersal potential is an unreliable predictor of the magnitude of 
gene flow and population structure that exists throughout a species’ range.  
The number of individuals within a population that contribute offspring to the next 
generation will determine genetic relationships through time. More specifically, the magnitude of 
variance in reproductive success among members of the breeding population determines the 
genetic relationships of individuals from one generation to the next. When variance in 
reproductive success is small there will be limited genetic changes and evolution will proceed 
slowly. However, when relatively few individuals’ offspring make up a year-class or when a 
minority of individuals contribute a disproportionate number of offspring there is the potential 
for considerable genetic change over a relatively short period of time. In this way the variance in 
reproductive success is correlated to the opportunity for adaptive changes over time. Of course, 
genetic changes only represent adaptations when the variance in reproductive success is 
correlated to heritable traits of the parents.  
 Molecular markers have been tremendously useful in identifying the direction and 
magnitude of gene flow (Avise 2004). This is particularly true for fishes because of the 
challenges of tracking the fates and movements of small larval and juvenile fish in aquatic 
environments. The ability to use genetic information to link individual fish to their population of 
origin has provided opportunities to study dispersal and gene flow that were not possible prior to 
the development of molecular markers (Utter 1991). The fact that many fish species are 
harvested for human consumption makes information on the geographic boundaries of gene 
pools particularly valuable for conservation and management of exploited stocks. This is 
exceptionally relevant now, as overharvest has been shown to have drastically reduced 
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biodiversity in many aquatic ecosystems (Pauly et al. 1998) and more effective management and 
conservation actions will be required to slow this trend and protect fisheries resources in the 
future. Additionally, the fact that fishes constitute half the extant vertebrate species and exhibit a 
diverse array of morphologies, life histories, and reproductive ecologies makes understanding the 
factors and processes responsible for the genetic relationships within and among fish populations 
valuable from a basic ecological perspective. 
 Over the following chapters, I present a series of investigations into the genetic 
relationships among the smallmouth bass (Micropterus dolomieu) that inhabit a connected river-
lake system in Ontario, Canada. Annual surveys of reproductive activity among individual male 
bass in this system began nearly two decades ago. Adult males have been captured while 
providing parental care to their offspring in each of the last thirteen years, a period that 
encompasses more than two complete generations. Each of these parental males was individually 
tagged so that the reproductive history of each fish could be followed over multiple years. A 
three-year telemetry study tracked the movements of adults of both sexes through all four 
seasons. This work has already provided considerable insight into the movement patterns and 
demographic rates of the adult male smallmouth bass that inhabit this system. However, these 
studies were not able to address questions that involved gene flow or the genetic relationships of 
individuals within the population. For instance, more than ninety-five percent of male 
smallmouth bass have been observed to spawn exclusively in either the river or the lake during 
their lives (Barthel et al. 2008); however, I could not determine whether this was due to natal 
philopatry (i.e., most males were spawning within the habitat in which they hatched) or nest-site 
fidelity (i.e., most males returned to spawn near their previous years nest site) without 
information on where the males had hatched. Determining which of these two possible 
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explanations was correct was important because natal philopatry is a behavior that has the 
potential to result in strong spatial structure, whereas, nest-site fidelity, by itself, does not. 
Previous work has also documented life history divergence between the groups of fish that 
spawned in the river versus the lake; the males that spawned in the lake delayed first 
reproduction and spawned at older ages and larger sizes than the males that spawned in the river 
(Barthel et al. 2008). Without information on the genetic relationships of the individual fish that 
reproduced with the two habitats I could not investigate whether this variation had a plastic or 
genetic basis. The studies presented in the following chapters have utilized molecular markers to 
examine the genetic relationships and the extent of spatial structure among the smallmouth bass 
that inhabit this system and to investigate the behaviors and processes that are responsible for the 
patterns of gene flow. Although the work presented in the dissertation has been conducted on a 
single study system, the fact that these fish are known to share characteristics with other 
smallmouth bass populations suggests that the results should have relevance for fish inhabiting 
other lake and streams as well. The fact that smallmouth bass have one of the most common 
forms of parental care exhibited by fishes (male defense of developing eggs and embryos in a 
―nest‖ constructed in the substrate of the littoral zone) suggests that these results are relevant to 
other species that provide parental care. Finally, I expect that the results will provide insight into 
the potential for there to be spatial structure among very mobile species inhabiting small scale 
environments.  
 As previously stated, the distance that organisms disperse from their natal site is expected 
to have a significant influence on the amount of population structure that exists over space 
(Wright 1943, 1946). More specifically, the distance that individual organisms disperse from the 
time of their birth to the time that they reproduce determines the spatial boundaries of biological 
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populations. In Chapter Two I used genetic paternity assignments to determine which nesting 
males sired offspring collected during the second summer of life (age-1 offspring) and adult male 
offspring that were captured after they had spawned and were defending their own broods within 
the study site. Both the capture locations of the age-1 offspring and the nest locations of the 
parental male had been recorded on detailed maps, which allowed me to determine the distance 
that offspring were captured from their natal sites. I used these measurements to describe the 
natal dispersal patterns of the offspring that hatched in the lake or river habitats. The dispersal 
patterns of the adult male offspring provided a direct evaluation of whether or not males nested 
near their own natal sites. I have also investigated whether the distance that offspring were 
located from their natal sites was related to their body size, the number of individuals in their 
cohort, or the temporal order in which the adult male offspring spawned (based on the hypothesis 
that males that spawned later in the reproductive period might have been prevented from 
spawning near their natal site by the males that had previously spawned). This chapter should 
provide insight into how the propensity of smallmouth bass to disperse from their natal sites will 
affect the genetic relationships of individuals over space. 
 In Chapter Three I evaluated how the traits of parental male smallmouth bass influenced 
individual reproductive success across a series of three offspring developmental periods, between 
different habitats (lake vs. river), and among six different reproductive seasons (1998-2003). One 
of the traits, body size, has been found to be positively related to mating success and fecundity in 
many organisms (Kingsolver and Pfennig 2004), including smallmouth bass (Wiegmann et al. 
1992; Baylis et al. 1993; Suski and Philipp 2004), which has led to the assumption that the larger 
individuals in a population produce more offspring that survive to reproduce as adults (Raffetto 
et al. 1990; Wiegmann et al. 1992). Recently, a number of studies that tested whether the 
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presumed benefits of large body size were realized in salmonid populations found that female 
body size was positively correlated to the number of juvenile or adult offspring that were 
collected for Atlantic salmon Salmo salar (Garant et al. 2005), brook charr Salvelinus fontinalus 
(Theriault et al. 2007), and steelhead Oncorhynchus mykiss (Seamons et al. 2004; Seamons et al. 
2007), but male body size was not related to reproductive success in most of the years studied for 
these species (Seamons et al. 2004; Garant et al. 2005; Seamons et al. 2007; Theriault et al. 
2007). I investigated how body size and the date on which males spawned influenced their 
mating success, the number of fry that they raised during the parental care period, and how many 
of their offspring were later collected as adult males defending their own broods within the 
system. In addition to testing whether male traits influenced individual reproductive success, 
these analyses will provide information on the magnitude of the variance in reproductive success 
within the population.  
 Chapter Four investigated how the number of offspring that male smallmouth bass 
produced during their lifetimes was influenced by the age at which they reproduced for the first 
time and the number of reproductive seasons in which they spawned. Age at first reproduction is 
expected to have a considerable influence on fitness due to its strong relationship to other life 
history traits. Life history theory predicts that selection will favor individuals that delay 
reproduction beyond the first age possible when there are costs of reproducing at the earliest age 
(Roff 2002). These costs can take the form of reduced fertility or increased mortality relative to 
individuals that first spawn when older (Schaffer 1974; Stearns and Crandall 1981; Bell 1980). 
The optimal age at maturity is expected to be the age at which lifetime reproductive success is 
maximized, which occurs when the advantages of short generation time and large body size are 
balanced (Stearns and Koella 1986). The first component of the chapter determined the number 
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of fry and adult male offspring that individual males were determined to have produced during 
their lifetimes and whether variance in lifetime reproductive success was related to the age at 
which males reproduced for the first time and the number of reproductive seasons in which they 
spawned during their lives. The second component used age-specific fertility rates and post-
maturation survival probabilities to estimate how lifetime reproductive success would be 
influenced by different likelihoods that males that delay maturation survive to the next 
reproductive opportunity. This component was expected to provide insight into how the costs 
and benefits of delayed first reproduction are influenced by pre-spawn survival probabilities in 
each of the habitats.  
 In Chapter Five I determined the amount of population structure that was associated with 
the life history divergence that had been previously reported (Barthel et al. 2008), the dispersal 
patterns documented in Chapter Two, and the variance in individual reproductive success 
investigated in Chapters Three and Four. As previously stated, the males that spawned in the lake 
have been documented to spawn for the first time at greater ages and larger sizes than the males 
that spawned in the river (Barthel et al. 2008). This chapter determined the level of genetic 
differentiation, if any, that existed between the groups of males that spawn in the lake or river. 
Barthel et al. (2008) also documented significant intra-habitat variation in that ages at which 
males first reproduced and the number of seasons in which they spawned. A second component 
of this chapter investigated whether there is evidence of genetic differentiation between groups 
of males exhibiting different demographic traits (age at first reproduction, reproductive lifespan, 
and natal dispersal patterns) within a single habitat. The final component determined whether the 
dispersal patterns documented in Chapter Two resulted in correlations between the genetic 
relatedness of pairs of males and the distances between their nest sites. Restricted natal dispersal 
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patterns would be expected to result in more closely related individuals nesting in closer 
proximity to one another than males that were distantly related. On the other hand, if males 
dispersed widely from their natal sites I would not expect to find a correlation between genetic 
relatedness and geographic distance. Taken as a whole, this chapter tests whether spatial and 
temporal restrictions in gene flow produce population structure among the members of a species 
with high dispersal potential that inhabit a small-scale connected river and lake system. 
 Chapter Six presented the results of a molecular genetic investigation into a suspected 
case of interspecific mating between a male smallmouth bass and a female largemouth bass (M. 
salmoides). Prezygotic and postzygotic isolating mechanisms are expected to restrict gene flow 
across taxonomic boundaries; however, the fact that hybridization is observed in nature indicates 
that these barriers are not absolute. Hybridization has been documented between many 
centrarchid fishes in the wild (Bolnick and Near 2005), but it has been detected only between 
largemouth bass and smallmouth bass in a single river (where smallmouth bass had been stocked 
intensively outside of the species native range; Littrell et al. 2007), despite the fact that these 
congeneric species co-occur over large portions of their ranges (Near et al. 2003), have very 
similar reproductive ecologies, and their gametes have been shown to produce viable offspring in 
the laboratory via in vitro crosses (Philipp et al. 1983). In 2003, I encountered a nest in the lake 
section of the study site that was defended by a male smallmouth bass with two distinctly 
differently sized groups of eggs. The eggs in one group were within the size range produced by 
female smallmouth bass. Eggs in the second set, however, were too small for smallmouth bass, 
but were the appropriate size for largemouth bass, which were present at very low abundances 
(less than 1% of the bass) in the study system. This chapter reported my attempt to use molecular 
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genetic techniques to determine the parental source of the two offspring types (i.e., interspecific 
or intraspecific mating). 
 Together, these chapters provide significant insights into the potential for dispersal 
patterns and variance in reproductive success to influence the genetic relationships among 
individuals at very fine spatial scales. Although the chapters are focused on basic ecological 
questions, I expect that the results will also benefit the conservation and management of 
smallmouth bass and related species. The smallmouth bass is a popular game fish in lakes and 
rivers across a substantial portion of North America and populations are actively managed in 
many jurisdictions (Noble 2002). Therefore, identifying which males contribute offspring to the 
next generation could help managers identify the segment of the population whose reproductive 
success is most crucial for determining year-class strength, or for threatened populations, 
population persistence. This could be particularly valuable for smallmouth bass because males 
have been shown to be extremely vulnerable to angling while they are defending their nests 
(Suski and Philipp 2004) and broods can be devoured by nest predators when males are captured 
and removed from nests for even a short period of time (Philipp et al. 1997). Information on 
dispersal patterns and population structure over space should also benefit managers’ 
understanding of population dynamics. For example, populations may respond to exploitation in 
different ways due to differences in the ages at which individuals mature, mortality rates, growth 
rates, or population sizes (Carvalho and Hauser 1994); therefore, unrecognized population 
structure has the potential to lead to overharvest or unpredicted responses to exploitation.  
 10 
Literature cited. 
Avise, J. C. 2004. Molecular Markers, Natural History, and Evolution. Sinauer Associates, Inc. 
Publishers, Sunderland, Massachusetts. 
Barthel, B.L., S. J. Cooke, J. H. Svec, C. D. Suski, C. M. Bunt, F. J. S. Phelan, and D. P. Philipp. 
2008. Divergent life histories among smallmouth bass Micropterus dolomieu inhabiting a 
connected river-lake system. Journal of Fish Biology 73:829-852. 
Baylis, J. R., D. D. Wiegmann and M. H. Hoff. 1993. Alternating life histories of smallmouth 
bass. Transactions of the American Fisheries Society 122:500-510.  
Bekkevold, D., A. Carle, T. G. Dahlgren, L. A. W. Clausen, E. Torstensen, H. Mosegaard, G. R. 
Carvalho, T. B. Christensen, E. Norlinder, and D. E. Ruzzante. 2005. Environmental 
correlates of population differentiation in Atlantic herring. Evolution 59:2656–2668. 
Bell, G. 1980. The costs of reproduction and their consequences. American Naturalist 116:45-75. 
Bolnick, D. I. and T. J. Near. 2005. Tempo of hybrid inviability in Centrarchid fishes (Teleostei: 
Centrarchidae). Evolution 59:1754-1767.  
Busch, J. D., P. M. Waser, and J. A. DeWoody. 2009. The influence of density and sex on 
patterns of fine-scale genetic structure. Evolution 63:2302-2314.  
Carvalho, G. R. and L. Hauser. 1994. Molecular genetics and the stock concept in fisheries. 
Reviews in Fish Biology and Fisheries 4:326-350.  
Double, M. C., R. Peakall, N. R. Beck, and A. Cockburn. 2005. Dispersal, philopatry, and 
infidelity: dissecting local genetic structure in the superb fairy-wrens (Malurus cyaneus). 
Evolution 59:625-635.  
Garant, D., J. J. Dodson, and L. Bernatchez. 2005. Offspring genetic diversity increases fitness 
of female Atlantic salmon (Salmon salar). Behavioral Ecology and Sociobiology 57:240-244.  
 11 
Greenwood, P. J. 1980. Mating systems, philopatry and dispersal in birds and mammals. Animal 
Behaviour 28:1140-1162.  
Hemmer-Hansen, J., E. Nielsen, R. P. Grø´nkjær, and V. Loeschcke. 2007. Evolutionary 
mechanisms shaping the genetic population structure of marine fishes; lessons from the 
European flounder (Platichthys flesus L.). Molecular Ecology 16:3104–3118. 
Kingsolver, J. G. and D. W. Pfennig. 2004. Individual-level selection as a cause of Cope's rule of 
phyletic size increase. Evolution 58:1608-1612.  
Littrell, B. M., D. J. Lutz-Carrillo, T. H. Bonner, and L. Fries, T. 2007. Status of an introgressed 
Guadalupe bass population in a central Texas stream. North American Journal of Fisheries 
Management 27:785-791.  
Maher, C. R. 2009. Genetic relatedness and space use in a behaviorally flexible species of 
marmot, the woodchuck (Marmota monax). Behavioral Ecology and Sociobiology 63:857-
868.  
Manel, S, M. K. Schwartz, G. Luikart, and P. Taberlet. 2003. Landscape genetics: combining 
landscape ecology and population genetics. Trends in Ecology and Evolution 18:189–197. 
Near, T. J., T. W. Kassler, J. B. Koppelman, C. B. Dillman, and D. P. Philipp. 2003. Speciation 
in North American black basses, Micropterus (Actinopterygii: Centrarchidae). Evolution 
57:1610-1621.  
Neville, H., D. Isaak, J. Dunham, R. Thurow, and B. Rieman. 2006. Fine-scale natal homing and 
localized movement as shaped by sex and spawning habitat in Chinook salmon: insights from 
spatial autocorrelation analysis of individual genotypes. Molecular Ecology 15:4589-4602.  
Noble, R. L. 2002. Reflections on 25 years of progress in black bass management. Page 419-432 
in D. P. Philipp and M. S. Ridgway, editors. Black bass: ecology, conservation, and 
 12 
management. American Fisheries Society Symposium Vol. 31. American Fisheries Society, 
Bethesda, Maryland. 
Opdam, P. 1991. Metapopulation theory and habitat fragmentation: a review of holarctic 
breeding bird studies. Landscape Ecology 5:93–106. 
Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, and F. Torres Jr. 1998. Fishing down marine 
food webs. Science 279(860):863.  
Philipp, D.P., H. R. Parker, and G. S. Whitt. 1983. Evolution of gene regulation: Isozymic 
analysis of patterns of gene expression during hybrid fish development, p. 193-237. In: 
Isozymes. Current topics in biological and medical research. M. C. Kattazzi, J. G. Scandalios 
and G. S. Whitt (eds.). Allen R. Liss, Inc., New York, New York. 
Philipp, D. P., C. A. Toline, M. Kubacki, D. Philipp, and F. Phelan. 1997. The impact of catch-
and-release angling on the reproductive success of smallmouth bass and largemouth bass. 
North American Journal of Fisheries Management 17:557-567.  
Raffetto, N. S., J. R. Baylis, and S. L. Serns. 1990. Complete estimates of reproductive success 
in a closed population of smallmouth bass (Micropterus dolomieu). Ecology 71:1523-1535.  
Roff, D. A. 2002. Life History Evolution. Sinauer Associates, Sunderland, Mass.  
Ruzzante, D. E., C. T. Taggart, and D. Cook. 1999. A review of the evidence for genetic 
structure of cod (Gadus morhua) populations in the NW Atlantic and populations affinities of 
larval cod off Newfoundland and the Gulf of St. Lawrence. Fisheries Research 43:79–97. 
Schaffer, W. M. 1974. Selection for optimal life histories; the effects of age structure. Ecology 
55:291-303. 
 13 
Seamons, T. R., P. Bentzen, and T. P. Quinn. 2004. The effects of adult length and arrival date 
on individual reproductive success in wild steelhead trout (Oncoryhnchus mykiss). Canadian 
Journal of Fisheries and Aquatic Sciences 61:193-204. 
Seamons, T. R., P. Bentzen, and T. P. Quinn. 2007. DNA parentage analysis reveals inter-annual 
variation in selection: results from 19 consecutive brood years in steelhead trout. 
Evolutionary Ecology Research 9:409-431. 
Selander, R. K. 1970. Behavior and genetic variation in natural populations. American Zoologist 
10:53-66. 
Sork, V. L., J. Nason, D. R. Campbell, and J. F. Fernandez. 1999. Landscape approaches to the 
study of gene flow in plants. Trends in Ecology and Evolution 142: 219–224. 
Stearns, S. C. and R. E. Crandall. 1981. Quantitative predictions of delayed maturity. Evolution 
35:455-463.  
Stearns, S. C. and J. C. Koella. 1986. The evolution of phenotypic plasticity in life-history traits: 
predictions of reaction norms for age and size at maturity. Evolution 40:893-913.  
Suski, C. D. and D. P. Philipp. 2004. Factors affecting the vulnerability to angling of nesting 
male largemouth and smallmouth bass. Transactions of the American Fisheries Society 
133:1100-1106. 
Theriault, V., L. Bernatchez, and J. J. Dodson. 2007. Mating system and individual reproductive 
success of sympatric anadromous and resident brook charr, Salvelinus fontinalus, under 
natural conditions. Behavioral Ecology and Sociobiology 62:51-65.  
Utter, F. M. 1991. Biochemical genetics and fishery management: an historical perspective. 
Journal of Fish Biology 39 (Supplement A): 1-20. 
 14 
Ward, R., O. F. Skibinski, and M. Woodward. 1992. Protein heterozygosity, protein structure, 
and taxonomic differentiation. Evolutionary Biology 26:73-159.  
Wiegmann, D. D., J. R. Baylis and M. H. Hoff. 1992. Sexual selection and fitness variation in a 
population of smallmouth bass: Micropterus dolomieui (Pisces: Centrarchidae). Evolution 
46:1740-1753.  
Wright, S. 1943. Isolation by distance. Genetics 28:114-138. 
Wright, S. 1946. Isolation by distance under diverse systems of mating. Genetics 31:39-59. 
 15 
CHAPTER TWO: THE INFLUENCE OF NATAL HABITAT, BODY SIZE, AND COHORT 
ABUNDANCE ON THE DISTANCE THAT SMALLMOUTH BASS DISPERSE FROM 
THEIR NATAL SITES 
 
Abstract. 
The distance that organisms disperse from their natal sites is expected to have a strong influence 
on the genetic relationships between individuals and groups over space. Smallmouth bass display 
strong fidelity to reproductive sites and home ranges over multiple years as adults, but there has 
been a single report on natal dispersal patterns and it is unclear whether adult spatial fidelity is 
related to natal philopatry or has another explanation. The reproductive activity of river and lake 
dwelling smallmouth bass has been studied in a ~3 km connected river-lake section of the 
Mississippi River, Ontario, Canada, for more than a decade. Fin tissues have been collected from 
both parental males and age-1 fish over a number of years. DNA extracted from these tissues 
was used to conduct genetic paternity assignments that resolved which parental males had sired 
the offspring collected at age-1 or as adults after the male offspring had matured and spawned 
within the study site. These assignments were used to determine how far each offspring was 
located from its natal site when it was captured. Two-thirds of the offspring were captured within 
500 m of their natal sites and the fish that hatched in the river were located closer to their natal 
sites than those that hatched in the river. Approximately one-third of the males that hatched in 
the river nested within their natal pool and 12% of males that hatched in the lake nested within 
150 m of their natal site. Offspring total length was found to be positively related to the distance 
that age-1 individuals that hatched in the lake and adult males that hatched in the river were 
captured from their natal sites. Most smallmouth bass (86%) were captured within their natal 
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habitat (i.e., the river or the lake). There was asymmetric movement between habitats; 24.3% of 
the males that hatched in lake spawned in the river whereas 8.7% of the males that hatched in the 
river spawned in the lake. The relatively short distances that most smallmouth bass in this study 
were located from their natal sites provides the potential for genetic structure to develop at fine 
spatial scales. 
 
Introduction. 
Natal dispersal, the distance between the place that individual organisms are born and the 
place that they reproduce, determines the degree of gene flow over space and thereby influences 
the geographic boundaries of biological populations. At the inter-population level, the amount of 
migration between populations directly influences the opportunity for genetic divergence to 
occur and the ability of divergent selection to lead to local adaptation in each population (Wright 
1943, 1946). On the other hand, metapopulation theory predicts that dispersal will moderate 
population extinction risk when individuals disperse into declining populations or empty habitats 
(Brown and Kodric-Brown 1977; Hanksi 1999). Although the specific impacts of dispersal will 
depend on the particular organisms and populations being studied, the ability and propensity of 
individuals to disperse will have profound ecological and evolutionary consequences 
(Dieckmann et al. 1999), including how well species are able to persist and adapt during 
environmental changes. 
Dispersal is a behavior that is expected to carry costs for individuals (e.g., an elevated 
risk of predation relative to non-dispersers and challenges acquiring resources when moving into 
unfamiliar habitats). There have been numerous theoretical and empirical investigations into the 
evolutionary causes and consequences of dispersal (for reviews see Greenwood 1980; Johnson 
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and Gaines 1990; Bowler and Benton 2005), and three factors have been identified as most likely 
to be responsible for the evolution of dispersal. First, kin selection has been proposed to lead 
individuals to disperse away from natal sites when the fitness costs of competing with kin near 
the natal site are greater than the costs of dispersing and competing with non-kin for resources at 
other sites (Hamilton and May 1977). Inbreeding avoidance is another factor that has been 
proposed to lead individuals to disperse away from their natal sites, in this case to decrease the 
likelihood of mating with close relatives and experiencing the negative consequences of 
inbreeding (Pusey and Wolf 1996). Habitat quality is the third factor that is frequently proposed 
as being related to the evolution of dispersal. Theoretical studies have suggested that dispersal is 
adaptive when organisms experience temporal variation in habitat quality (Gadgil 1971; Roff 
1975; McPeek and Holt 1992; Johst and Brandl 1997), but not in the cases of spatial variability 
(Hastings 1983; Holt 1985; Cohen and Levin 1991; Greenwood-Lee and Taylor 2001). One 
cause of temporal variation in habitat quality is when resources become scarce due to 
populations approaching the environmental carrying capacity; fluctuation in population density 
has been found to be positively related to dispersal propensity in a number of organisms (Doak 
2000; Lena et al. 1998; Aars and Ims 2000). Food resources and mating opportunities (i.e., sex 
ratio) can vary independently from population density and also promote dispersal (Bowler and 
Benton 2005).  
The costs and benefits of dispersal are expected to vary according to the condition and 
or phenotype of individual organisms within a single population. Sex-biased dispersal is a very 
broad example of inter-individual variation in dispersal propensity; male mammals have been 
shown to be more likely to disperse than females, whereas female birds disperse more frequently 
than males (Greenwood 1980). Differences in dispersal ability/propensity may also be age-biased 
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or condition dependent. Larger individuals may have a competitive advantage over smaller 
individuals when it comes to acquiring resources, forcing smaller individuals to disperse in 
search of food, territory, or mating opportunities (Lawrence 1987; Hanski et al. 1991). 
Alternatively, larger individuals may have better condition and be more able to disperse across 
space (O’Riain et al. 1996; Lena et al. 1998; Barbraud et al. 2003). In most cases, the propensity 
of individual organisms to disperse will be influenced both by their phenotype/condition and by 
their environment. 
There are considerable gaps in knowledge of the natal dispersal of fishes, primarily 
because of the logistical challenges of tracking extremely small offspring in aquatic 
environments. The smallmouth bass (Micropterus dolomieu) is a prime example of a fish species 
where adult movements have been studied extensively (see Lyons and Kanehl 2002), yet 
understanding of the species’ spatial ecology and population dynamics is severely limited by 
very limited information on where individuals hatched (Ridgway et al. 2002). The smallmouth 
bass is common to warm-water lakes and streams throughout much of North America (Scott and 
Crossman 1973), and the species’ reproductive ecology includes paternal construction of saucer 
shaped depressions in the littoral zone that serve as nests for developing offspring (Turner and 
MacCrimmon 1970). Males have been shown to display strong fidelity to nesting sites in 
multiple years; more than 33% of males were found to choose nests within 20 m and >70% of 
males within 100 m of their previous years nesting site in two systems in Ontario (Ridgway et al. 
2002; Barthel et al. 2008). During non-reproductive periods of the year, individual smallmouth 
bass have been documented to display fidelity to habitats and home ranges over multiple years 
(Ridgway et al. 2002; Barthel et al. 2008), and most individuals returned to previous capture 
locations when displaced by humans (Larimore 1952; Ridgway and Shuter 1996). Natal 
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philopatry, i.e., when individuals remain in or near their natal habitat, is one possible explanation 
for the strong fidelity to particular sections of habitat exhibited by individual smallmouth bass. 
Natal homing, when organisms return to spawn near their natal site after having dispersed away 
as juveniles, is a specific form of natal philopatry that could also be responsible for the spatial 
fidelity of adult smallmouth bass. The single published evaluation of the dispersal of individual 
smallmouth bass during the first year of life documented that nearly all juveniles captured in 
September were within 200 m of their natal site (Ridgway et al. 2002). Although this study 
represents the best information on the distances that smallmouth bass disperse from their natal 
sites, the fact that it was limited to the first summer of life means that it provides no indication of 
dispersal patterns during later juvenile stages. Information on where individuals reproduce 
relative to their natal sites is critical for understanding the extent of gene flow and potential for 
population structure to exist among groups of smallmouth bass. 
 Here I provide the first direct evaluation of the natal dispersal patterns for adult male 
smallmouth bass. The reproductive activity of smallmouth bass inhabiting a small-scale, 
connected river-lake section of the Mississippi River, Ontario, Canada, has been monitored for 
more than a decade. Each year in the spring, nesting males were captured, tagged, had a piece of 
fin tissue removed for DNA extraction, and scales removed for age determination. Fin clips and 
scales were also collected from age-1 individuals that were sampled during seven of the study 
years. Genetic paternity assignments were used to determine which parental male sired not only 
the offspring that were collected as age-1 juveniles, but also those individuals that survived to 
become reproductive adult males for seven year-classes (1998-2004). Each parental male’s nest 
location had been recorded on a detailed map, so the distance between each offspring’s capture 
location and its natal nest-site could be measured after paternity was assigned. The primary 
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objective of this paper is to describe the natal dispersal patterns of smallmouth bass that hatched 
in the system, including the extent of natal philopatry, if any, exhibited by offspring captured at 
age-1 or as adult males.  
I also investigate whether the distances that offspring were captured from their natal sites 
was related to offspring size (total length), cohort abundance (the number of individuals in a 
year-class), or for the adult males the temporal order in which they spawned. The fact that the 
adult male offspring had a greater opportunity (i.e., longer time period) and ability (i.e., adults 
are more mobile than age-1 juveniles) to disperse between that time that they had hatched and 
were sampled than the age-1 offspring means that the interpretations of significant relationships 
with the factors included in the analyses would differ for the age-1 and adult male offspring. For 
the age-1 offspring, a negative relationship between the total lengths of individual offspring and 
the distances that they were located from their natal sites would suggest that larger individuals 
had a competitive advantage over smaller individuals which led smaller individuals to disperse 
greater distances from their natal site to acquire resources during the first year of life. A positive 
relationship could have resulted from larger offspring having been better able to disperse through 
the environment than smaller males. It should be noted that it is not known whether the relative 
sizes of individuals at age-1 are correlated to their relative sizes at the end of the parental care 
period in the year that they hatched (i.e., whether the largest individuals captured at age-1 were 
consistently larger than the rest of the cohort during the first year of life). This means that the 
sizes attained at age-1 could have been influenced by the distances that individuals dispersed 
after parental care; for instance, the largest individuals might have achieved greater sizes because 
they were more active foragers that secured more food resources by moving greater distances.  
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Interpreting relationships between cohort abundance and the distances that age-1 
individuals were located from their natal sites is more straightforward. A positive relationship 
would suggest that juveniles have to disperse greater distances from their natal sites to attain 
resources when there are more members of a year-class competing for resources. Alternatively, a 
negative relationship between year-class density and the distance that age-1 offspring were 
located from their natal sites might indicate that it is more difficult for offspring to disperse when 
more members of a cohort are competing for foraging territories (i.e., juveniles do not move as 
far when foraging territories are saturated).  
For the adult male offspring, a negative relationship between total length and the distance 
that individuals spawned from their natal sites would be interpreted as evidence that larger fish 
were able to secure nest sites closer to their natal site than smaller males, which could result from 
a competitive advantage conferred by larger size or the fact that larger males spawn earlier in the 
reproductive period than smaller males (Ridgway et al. 1991). A positive relationship between 
adult male total length and the distance that individuals spawned from their natal sites would 
indicate that large males had not used the presumed advantages of large body size to secure nest 
sites closer to their natal sites than smaller males. Males aggressively defend their broods and 
prevent other males from nesting in close proximity to their nest-sites, therefore, it is possible 
that the nest-site locations available to males that spawn later in the reproductive period are 
limited by the nests already constructed by other males. As a result, males that spawn later in the 
reproductive season may be forced to disperse further from their natal sites due to the presence of 
other male’s nests near their natal site. I investigated whether the distance that males nested from 
natal sites was related to the number of nests that already had broods when each male spawned 
(i.e., whether the dispersal distance was related to the order in which males spawned within a 
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reproductive season). A positive relationship between spawning order and the distance that adult 
male offspring were located from their natal sites would be interpreted as evidence that the 
nesting decisions of males that spawned earlier in the reproductive period leads males to nest 
further from their own natal site. A negative relationship is unexpected, but would suggest that 
males are not actively choosing to spawn near their natal sites. Regarding relationships between 
adult locations and cohort abundance, my interpretations would be very similar to those 
presented for age-1 offspring.  
 
Methods. 
Field collections. 
This study was conducted on a segment of the Mississippi River (a tributary of the 
Ottawa River) in Frontenac County, Ontario, Canada (44°56’ N; 76°42’W) that includes both 
riverine and lacustrine habitats. The 1.5 km riverine habitat includes eights pools (mean ± SD 
surface area = 1.0 ± 0.6 ha) that are separated by riffles and rapids and ultimately flow over a 
series of rapids into a 1.75 km long widening and deepening of the river (a lacustrine habitat) 
called Millers Lake (45 ha). A previous telemetry study indicated that the riffles and rapids did 
not restrict the movements of adult smallmouth bass within this study site (Barthel et al. 2008). 
Immigration and emigration from upstream reaches is inhibited by a large (>2 m) waterfall 
upstream of the study site. There is a smaller set of rapids downstream of the study site that is 
expected to challenge upstream dispersal of juveniles during the first year of life, but would not 
be a serious impediment to adult movements. None of the adult smallmouth bass that were part 
of a multiyear telemetry study were observed to move out of the study site in either direction 
(Barthel et al. 2008). 
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 Smallmouth bass reproductive activity has been monitored each year since 1991 in the 
river section and since 1996 in the lake section of the study site. In each year, snorkelers swam 
the littoral zone three times a week during the reproductive period (generally between mid-May 
and the beginning of the July), placed a numbered plastic tag beside each discovered nest, 
recorded its location on a detailed map, and scored the level of mating success that each male 
achieved (recorded as a visual estimate of the relative number of eggs in the nest, with scores 
between 1 and 5, 1 being a nest with very few eggs, 3 being a nest with an average number of 
eggs, and 5 being a nest with an exceptionally high number of eggs; Kubacki 1992). Subsequent 
swims searched for new nests and monitored previously tagged nests, thereby determining 
whether each male was successful or not in raising its brood: a male was considered successful if 
its brood developed to the point at which the offspring dispersed from the nest into shallow 
littoral zone structure, had transformed from black to green/brown body coloration, and were 
acting independently of the male (Philipp et al. 1997). The clarity of the water, frequency and 
duration of the snorkeling surveys, and the fact that smallmouth bass rarely nest at depths greater 
than 2 m in this system make it very likely that virtually all nests were found in each year. 
 From 1996 to 2009, each nesting male was angled off its nest after it was located. The 
total length of each male was measured to the nearest mm, and scales were collected from the 
area posterior to the dorsal fin and below the lateral line. The age of each male was determined 
using the annuli from scales, following the methods of Barthel et al. (2008). The year in which 
each male had hatched (i.e., its year-class) was determined from its age. In addition, a small 
piece of caudal fin was collected from each male and stored in 95% ethanol for DNA extraction. 
A passive integrated transponder (PIT) tag was injected into the peritoneal cavity of each new 
male so that individual males could be identified when they spawned in multiple years. The 
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sampling and handling process took less than 1 min, after which the males were released directly 
adjacent to their nests (<10 m), allowing them to return quickly to their nests and resume 
parental care.  
 Age-1 smallmouth bass were captured via angling underwater (with mask and snorkel) 
from 1999-2005. The goal was to capture 50 individuals from each of the two habitats in each 
year, although that goal was not met in some years. Fish were captured from multiple locations 
throughout each of the habitats, although a significant proportion of the age-1 fish were caught at 
the inflow and outflow of the lake due to the much greater density of age-1 fish observed at these 
two locations relative to other parts of the lake. Fin clips (for DNA extraction) and scales (for 
age confirmation) were collected from each age-1 fish. The capture locations were recorded on a 
detailed map, and the fish were released in good condition. 
 
Molecular methods. 
 DNA was extracted using a cell lysis procedure. Briefly, 5-10 mg of fin tissue was placed 
in a microcentrifuge tube with 300 µl of cell lysis solution (Gentra Puregene Systems, Valencia, 
CA) and 1.5 µl of Proteinase-K (20 mg/ml) and held at room temperature overnight. Proteins 
were removed from solution using protein precipitation solution (Gentra Puregene Systems, 
Valencia, CA) and 1.5 µl RNase A (4 mg/ml). DNA was washed with isopropanol and 70% 
ethanol and then dried before being resuspended in a low TE buffer for 65°C for 1 hour. 
 Electrophoresis was conducted on fluorescently labeled DNA fragments amplified at 16 
polymorphic microsatellite loci developed for centrarchid fishes (Table 2.1). All PCRs were 
performed in 15-μL volumes using a MyCycler thermal cycler (Bio-Rad Laboratories, Inc). 
Reactions consisted of 25 ng template DNA, 1× Assay Buffer B (100mM Tris-HCl, pH 9.0, 
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500mM KCl; Fisher Scientific), 2.5 mM MgCl2, 0.2 mM each dNTP, 0.75 unit Taq DNA 
polymerase (Fisher Scientific), and 0.1 mM spermidine. Most loci were amplified using a M13 (-
21) labeling system (Schuelke 2000), where a universal primer carrying a fluorescent probe was 
present at 0.1 μM concentration, a tailed primer was present at 0.05 μM concentration, and the 
untailed primer was at 0.15 μM concentration. Two of the loci had fluorescent probes directly 
attached to the forward primer; these primers were added at 0.75 μM concentration. 
Thermocycler parameters were 94°C for 2.0 min, followed by 33-48 cycles of denaturation at 
94°C for 30 s, annealing for 30 s at primer-specific temperature, extension at 72°C for 45 s, and a 
final extension at 72°C for 10 min (locus specific annealing temperatures and cycles are 
presented in Table 2.1). The sizes of fluorescently labeled fragments were analyzed on ABI 
Prism3730xl Analyzer (Applied Biosystems). Alleles were scored using GENEMAPPER 4.0 
software (Applied Biosystems). 
 MICRO-CHECKER version 2.2 (Van Oosterhout et al. 2004) was used to evaluate 
whether null alleles were present at any loci. Tests of linkage disequilibrium between loci were 
performed via the Markov chain algorithm in GENEPOP version 4.0 (10,000 permutations, 
Raymond and Rousset 1995). 
 
Genetic paternity assignments. 
 I assessed which nest-guarding male was most likely to have sired each age-1 and adult 
male offspring from seven year-classes (1998-2004) using the likelihood methods employed by 
the paternity software CERVUS version 3.0 (Kalinowski et al. 2007). For each captured 
offspring, CERVUS calculated the likelihood of parentage for every candidate parent (i.e., each 
male that spawned and was captured in that year) by determining the likelihood of two 
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alternative hypotheses, (1) that the candidate parent is the true parent, and (2) that the candidate 
parent is not the true parent. The likelihood of each hypothesis is calculated as probability of 
obtaining the offspring and parental genotypes under that hypothesis. A likelihood ratio is 
determined by dividing the likelihood that the candidate parent is the true parent by the 
likelihood that it is not the true parent. This likelihood ratio is then compared for all the 
candidate males and CERVUS only assigns parentage to a male when the likelihood of parentage 
exceeds the pre-determined level of statistical confidence (confidence levels are determined via 
simulation analyses using the allele frequencies of the actual population). Offspring are not 
assigned to any parent if none of the candidate males have a high likelihood of paternity, or if 
two or more males have similar likelihoods. Assignments were conducted at relaxed and strict 
confidence levels, which were set at 80% and 95% statistical confidence in the accuracy of 
assignments, respectively. To reduce the number of assignments lost due to genotype scoring 
errors, CERVUS incorporates a genotype errors rate into likelihood calculations, which was set 
at 2.5% genotyping error rate for these analyses. 
 
Dispersal assessments. 
 I used Howard’s (1960, p. 159) definition of dispersal: ―Dispersal of an individual 
vertebrate is the movement the animal makes from its point of origin to the place where it 
reproduces or would have reproduced if it had survived and found a mate.‖ It is possible that the 
distances that individuals were located from their natal sites at the time of capture were not the 
maximum distances that they had moved from their natal sites since they had hatched. However, 
the objective of the study is to assess the potential for offspring movements to produce spatial 
structure, and so the question of where individuals are located relative to their natal sites at these 
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two stages of their lives (either the second summer of life or at first spawning) is more important 
than the maximum distance that they had moved away from their natal sites. 
 Natal dispersal distances were measured as the shortest distance through the aquatic 
environment between the natal nest site and the location where the offspring was captured. For 
the adult male offspring, the nest site in which males spawned the first time they reproduced 
within the study site was used as the capture location for these analyses. Previous work has 
documented that males exhibit high levels of nest site fidelity within the study site (Barthel et al. 
2008; ~50% of males nest within 20 m of their previous years nest sites, and 75% of males nest 
within 100 m of their previous years nest site), so including only the first nest site locations 
should be a reasonable estimate of the lifetime dispersal distances for most males. The natal 
dispersal distances of the offspring that hatched in the river and those that hatched in the lake 
were compared using non-parametric Wilcoxon rank sum tests for each year-class independently 
and pooled across all year-classes. Wilcoxon rank sum tests were also used to compare the 
distances that the age-1 and adult male offspring had dispersed from their natal sites in each 
habitat (comparisons were conducted for each year-class independently and pooled across all 
year-classes).   
I used Akaike’s Information Criterion (AIC analysis) and multimodal inference (Akaike 
1973; Burnham and Anderson 2002) to evaluate whether the distances that offspring were 
located from their natal sites were influenced by their size, the number of individuals in their 
year-class (cohort abundance), or spawning order. AIC analysis determines which of a series of 
candidate models is the most parsimonious fit to the data by ranking the models based on how 
well each model fits the data (i.e., the estimated residuals) and the number of parameters that 
were included in each model (Burnham and Anderson 2002). First, I created a set of candidate 
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least squares regression models where each factor was modeled alone and in each possible 
combination with each of the other factors. Next, the sample size, number of parameters, and 
estimated residuals for each model were used to calculate a model specific AICC, and models 
were ranked by the difference between their AICC value and the AICC value of the most 
parsimonious model (∆AICC). Generally, ∆AICC values <2 suggest that the model has 
substantial support because it fits the data nearly as parsimoniously as the model with the lowest 
∆AICC value (Burnham and Anderson 2002). Models with ∆AICC values from 4-7 have less 
support and ∆AICC values >10 have little or no support (Burnham and Anderson 2002). The 
∆AICC values can also be used to calculate the relative strength of evidence for each model (i.e., 
likelihood of a model, given the data) and the model probabilities, also known as Akaike 
weights, which allow a more straightforward interpretation of the relative likelihood of a model. 
In cases when there is no single best model (i.e., there are one or more models with ∆AICC 
values <2) the influence of individual factors can be evaluated by summing the Akaike weights 
of all the models in the set that include each factor (Burnham and Anderson 2002). Similarly, the 
estimated values of each parameter were averaged across all the models that include the factor 
(Burnham and Anderson 2002).  
The year-classes were pooled so that a single AIC analysis was performed for each life 
stage (i.e., age-1 and adult male offspring) in each habitat. The distance that individuals were 
located from their natal site, the response variable in the models, was square root transformed 
because the distributions were skewed towards larger distances. I used offspring total length at 
capture as the measure of offspring size. In order to control for variation in cohort growth rates, 
the total length of each offspring was standardized by subtracting the mean total length of all the 
captured offspring that had hatched in the same year and habitat. Prior to standardization the total 
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lengths of age-1 offspring that hatched in the lake ranged from 74 to 160 mm (mean = 106, SD = 
14.1) and those that hatched in the river ranged from 85 to 158 mm (mean = 110, SD = 11.3). 
The total lengths of the adult males that hatched in the lake ranged from 194-364 mm (mean = 
267; SD = 36.1) when they reproduced for the first time, while the range from males that hatched 
in the river was 185 to 362 mm (mean = 240; SD = 34.7). Studies of numerous fish species have 
found that the majority of offspring die during their first year of life in most cases (Houde 1989), 
and very few of the thousands of offspring that depart a single smallmouth bass nest at the end of 
the parental care period will be alive one year later. In an attempt to incorporate the uncertainty 
regarding when the majority of offspring mortality occurs during the first year of life into these 
analyses, I have included cohort abundance measures from two different periods of the first year 
of life. First, I estimated the number of fry that were successfully raised during the parental care 
period for each year-class. Briefly, I had a relative measure of the level of mating success that 
each male achieved in each year and also knew whether each brood had been raised to 
independence or not. Kubacki (1992) enumerated the number of fry that departed smallmouth 
bass nests that were raised to independence that had each level of mating success. The estimate 
of the total number of fry produced during the parental care period in each habitat in each year 
was simply the sum of the number of fry that each successful nest was estimated to have 
produced, based on the average number of fry that Kubacki (1992) had found to depart nests 
with each level of mating success. In the lake, the number of fry estimated to have been 
produced in individual years ranged from approx. 35,900 to 111,000 fry (mean = 70,335; SD = 
25,692). The number estimated to have been produced in the river ranged from approx. 32,300 to 
74,100 fry (mean = 59,311; SD = 15,747). The second measure of year-class abundance was the 
mean number of age-1 offspring observed in a series of visual surveys (N = 8-10 per year) 
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conducted in July during each cohort’s second summer of life. This measure does not represent 
an estimate of absolute year-class abundance, but rather a relative measure of the abundance of 
each year-class at the completion of the first year of life. The average number of age-1 offspring 
observed across years in the visual surveys ranged from 31.3 to 124.1 in the lake (mean = 68.1; 
SD = 27.9) and 21.3 to 82.9 in the river (mean = 62.5; SD = 17.7). The most appropriate measure 
of cohort abundance (i.e., the number of fry produced by successful nests vs. the average number 
of age-1 offspring counted in visual surveys) would depend on when mortality and movements 
occurred during the first year of life, both of which are currently unknown. 
Finally, a spawning order variable was included in the analyses conducted for adult 
males. The spawning period (the number of days between the first and last days that eggs were 
deposited into nests in a single year) generally lasts 20-24 days for smallmouth bass in this study 
site (Barthel et al. 2008). The spawning order variable included in the candidate models was the 
number of nests that already had broods in the habitat (lake or river) prior to the day that each 
male had spawned. For example, if ten males spawned on the first day of the spawning period 
and five males spawned on day two, all of the males that spawned on day two would have 
spawning order value of ten (due their having been ten nests with offspring prior to the day that 
they spawned). Any males that spawned on day three would have a spawning order value of 
fifteen (due their having been ten males that spawned on day one and five males that spawned on 
day two). The greatest spawning order values were 127 and 134 for males in the lake and river, 
respectively. I would expect to find a positive relationship between spawning order and dispersal 
distance if the nests of previously spawned males caused later spawning males to disperse further 
from their natal sites.  
Tests were conducted using JMP 4.0.4 (SAS Inc., Cary, NC, U.S.A.). 
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Results. 
Genetic paternity assignment results. 
 No loci were found to consistently have excess homozygosity levels, which would be 
expected if null alleles had been present. The paternity assignment rates were very similar for 
offspring captured at each of the two life stages; 84.1% of captured age-1 offspring (508 of 604 
possible) and 84.2% of captured adult male offspring (513 of 609 possible) that hatched from 
1998-2004 could be assigned to a single candidate male. The majority of assignments (76.1%) 
were at the strict confidence level (95% confidence that offspring were assigned to the true 
parental male), with the remainder being at the relaxed confidence level (80% confidence). 
Given the fact that smallmouth bass are capable of long distance movements, I feel that assigning 
five of every six individuals to a parent is a high rate of assignment success.  
There are three possible explanations for why some offspring could not be assigned to a 
single candidate male: the parental male spawned within the study site but was not captured, the 
parental male spawned outside of the study site and the offspring migrated into the site, or there 
were genotyping errors. Although virtually all the parental males that were observed to raise 
broods successfully during the course of the study were captured, it is possible that some nests 
were not located during the reproductive period. After nearly 20 years of experience on this 
system, however, it is believed that missed nests could have occurred only at a very low level. A 
missed nest, however, would result in the parental male not being captured, and, therefore, not 
included in the pool of candidate males. It should also be noted that theoretically, the study site is 
an open system (i.e., water does flow in and out), so it is possible that some offspring may have 
been immigrants from other parts of the river. Immigration from upstream reaches is believed to 
be severely inhibited by a large (>2 m) waterfall followed by a 1 km stretch of heavy rapids 
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upstream of the study site. Although I would expect that advanced juveniles and adults would 
actively avoid the 2 m vertical drop, it is possible that some fry or early juveniles may survive 
being passively carried over the falls into the study site during periods of high flow. In addition, 
there is a series of smaller, yet still substantial rapids downstream of the study site that probably 
represents a substantial challenge to upstream dispersal of juveniles during their first year of life, 
even though it may not represent such a severe impediment to adult movements. In that regard, 
none of the adult smallmouth bass that were part of a multiyear telemetry study were observed to 
move out of the study site in either direction. It should be noted that all the radio-tracked 
individuals were adults; juveniles may or may not exhibit the same movement patterns. Finally, 
non-assignments of paternity could have resulted from genotyping errors if the erroneous 
genotypes of either the parent or the offspring resulted in a decreased statistical likelihood of 
parental assignment relative to the true genotypes. Although the parentage analyses included a 
2.5% error rate in the calculation of the statistical likelihoods of paternity, it may still be possible 
that a small number of offspring were unassigned due to genotyping errors.  
 
Dispersal results. 
Age-1 - The paternity results indicated that 221 of the assigned age-1 offspring hatched in the 
lake, and that 287 age-1 offspring hatched in the river. The offspring that hatched in the lake 
were captured greater distances from their natal sites than offspring that hatched in the river in 
six of the seven year-classes (Table 2.2; Table 2.3). In the pooled year-class datasets, age-1 
offspring that hatched in the lake were located nearly twice as far from their natal sites as the 
offspring that hatched in the river (age-1: lake mean = 739 m, SD = 516 m; river mean = 404 m, 
SD = 526 m). It should be noted that the differences in the distances from natal sites were even 
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greater when the median distances were compared (Table 2.2). In this case, medians are a better 
measure of central tendency due to the fact that the distributions were skewed towards longer 
distances. The dispersal distance distributions were different for fish that hatched in the two 
habitats (Table 2.4); offspring that hatched in the river were most frequently caught within the 0-
100 m distance class and the proportion of offspring caught generally decreased as the distance 
from the natal site increased (Figure 2.1). In contrast, similar proportions of offspring were 
captured in each distance class up to 600 m for offspring that hatched in the lake (Figure 2.1).  
 
Adult males - The paternity results indicated that 169 of the assigned adult male offspring 
hatched in the lake, and that 344 adult males hatched in the river. The offspring that hatched in 
the lake were captured greater distances from their natal sites in five of the seven year-classes 
(Table 2.2; Table 2.3). In the pooled year-class datasets, adult males that hatched in the lake 
nested more than 1.5 times as far from their natal site as those that hatched in the river (adult 
males: lake mean = 670 m, SD = 555 m; river mean = 403 m, SD = 493 m). Similarly to the 
results for age-1 individuals, the differences were greater when the median distances were 
compared due to skewed distributions (Table 2.2) and offspring that hatched in the river were 
most frequently caught within the 0-100 m distance class whereas similar proportions of 
offspring were captured in each distance class up to 600 m for offspring that hatched in the lake 
(Figure 2.1). When philopatry is defined as adult males spawning within their natal pool, 
approximately one third (32.7%) of the males that hatched in the river were philopatric (Table 
2.5). The lake does not have natural segments like the pools in the river to use to define 
philopatry; therefore I defined philopatry in the lake as males nesting within a similar distance 
from their natal sites as the males that nested within their natal pool in the river (95% of the 
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males that spawned within their natal pool were within 150 m of their natal site) and found that 
only 12% (N = 20) of the males that hatched in the lake would be considered philopatric under 
that definition. 
I used the genetic identity analysis procedure in CERVUS to identify eight individual 
male smallmouth bass that had been captured both at age-1 and as adults (all of them had 
hatched in the river). Although the eight males represent a very small sample size, there was a 
significant, positive relationship between the distances that they were captured from their natal 
sites at age-1 and as reproductive adults (Figure 2.2A; Distance from natal sites as adult = 153 + 
0.6 × [Distance from natal site at age-1], R
2
 = 0.60, t = 2.97, P = 0.025). When these males 
spawned as adults their nest sites were located 0-5 pools away from the location at which they 
had been captured at age-1 (mean = 1.3 pools, SD = 1.7); three individuals were located in the 
same pool both times that they were captured, three others were located in the pool either 
directly upstream or downstream of the pool in which they had been captured at age-1, the other 
two were located two and five pools away from their age-1 locations. Three males were located 
further from their natal site when they spawned as adults than they had been when captured at 
age-1, and two males were found to be closer to their natal sites as adults than they had been at 
age-1. These were the only two males to spawn within their natal pools; one of these males was 
located one pool away from the natal pool when captured at age-1 and the other was five pools 
away from its natal pool when captured at age-1.  
I compared the average distances that members of the same year-class were located from 
their natal sites when they were captured at each of the two life stages. Although comparing the 
average distances that the groups of individuals were located from their natal sites at the two 
stages is less informative than comparisons of where individual males were located at the two 
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points (e.g., the eight males that were captured at both stages), I expect these comparisons would 
detect broad-scale ontogenetic dispersal patterns (i.e., if substantial proportions of individuals 
dispersed away from the natal site during later juvenile stages or if males exhibited strong natal 
homing). The distances that age-1 and adult males had dispersed from their natal sites were not 
significantly different for any of the individual year-classes that hatched in the lake or the river, 
or for the pooled dataset for the river (Table 2.3). There was a marginally significant difference 
when the year-classes from the lake were pooled, with a trend for age-1 offspring to be captured 
greater distances from their natal sites than adult males in four of the seven year-classes (Figure 
2.2B; lake regression: mean distance from natal site as adults = 181 + 0.66 × [mean distance 
from natal site at age-1 ], R
2
 = 0.250, t = 1.29, P = 0.253; river regression: mean distance from 
natal sites as adults = 412 - 0.01 × [mean distance from natal site at age-1], R
2
 = 0.00, t = -0.04, 
P = 0.966). When the offspring from the pooled datasets were sorted into 500 m distance classes 
(i.e., based on the distance that they were captured from their natal sites), the age-1 and adult 
male offspring that hatched in the lake were found to have different dispersal patterns (Table 2.4; 
Pearson χ2 = 13.53, P = 0.019), with nearly 15% more of the adult males having been captured 
within 500 m of their natal sites than the age-1 offspring. The age-1 and adult males that hatched 
in the river had similar distributions (Table 2.4; Pearson χ2 = 4.69, P = 0.455). 
 There was no single best-supported model (i.e., no models had ∆AICC >2 over other 
candidate models) for the AIC analysis of the distances that age-1 offspring that hatched in the 
lake were located from their natal sites (Table 2.6). The offspring size variable (i.e., total length) 
was present in all four models that had greater support than the null model (i.e., the empty model 
that did not include any factors) and the Akaike weights summed over all models also supported 
offspring total length as having the largest influence on dispersal (Table 2.7). The total length 
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parameter estimate from these models was positive (Table 2.7), indicating that larger age-1 
offspring that hatched in the lake tended to be located greater distances from their natal sites than 
smaller offspring (Figure 2.3A). For age-1 offspring that hatched in the river, there was only one 
model with an AICC value smaller than the null model (Table 2.8). However the ∆AICC between 
the best model and the null was only 1.20, indicating that both models had significant statistical 
support. The fact that the null model had nearly the same level of support as the best model (that 
included explanatory variables) leads me to conclude that none of the factors analyzed explained 
a significant amount of the variability in the distances that age-1 offspring that hatched in the 
river were located from their natal sites.   
For the AIC analysis of the distances that the adult males that hatched in the lake were 
located from their natal sites, the null model was one of the most parsimonious models (∆AICC 
<2; Table 2.9), indicating that none of the factors included in the candidate models were related 
to the distance that adult male offspring nested in relation to their natal sites. For adult males that 
hatched in the river, there was not a single best supported model; however, all four models that 
had significant support (∆AICC values <2) included the male total length variable as did the eight 
models with the smallest AICC values (Table 2.10). The summed Akaike weights for total length 
were more than three times greater than any other factor (Table 2.11). The total length parameter 
estimate was positive, indicating that larger males tended to nest further from their natal sites 
than smaller males that hatched in the river (Figure 2.3D).  
 More than 85% of all the assigned offspring were captured within their natal habitat (lake 
age-1 and adult males combined: 328 of 390 assigned offspring were captured in the lake; river 
age-1 and adult males combined: 552 of 631 assigned offspring were captured in the river; Table 
2.12). For offspring that hatched in the lake, a greater proportion of the assigned offspring were 
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captured in the lake at age-1 than as adult males (Table 2.12; age-1 = 90.5%, adult males = 
75.7%; Pearson’s χ2 = 15.60, P = <0.001). In contrast, a greater proportion of the offspring that 
hatched in the river were captured in the river as adults than at age-1 (Table 2.12; age-1 = 82.9%, 
adult males = 91.3%; Pearson’s χ2 = 10.0, P = 0.002). The proportion of age-1 fish that hatched 
in the river and were captured in the lake (17.1%) was greater than the proportion that hatched in 
the lake and were captured in the river (9.5%; Pearson’s χ2 = 6.02, P = 0.014; Table 2.12). 
However, 26 of the 49 age-1 fish that hatched in the river and were captured in the lake were 
caught on the lake side of the rapids that separate the river and lake habitats (i.e., had not moved 
very far into the lake). The proportion of adult male offspring that hatched in the lake that 
spawned in the river (24.3%) was greater than the proportion of males that hatched in the river 
and spawned in the lake (8.7%; Pearson’s χ2 = 22.95, P < 0.001; Table 2.12).  
 
Discussion.  
Finding that 80% of smallmouth bass were located within one kilometer of their natal 
sites during the second summer of life and when males spawned for the first time provides strong 
support for there being significant spatial structure in smallmouth bass populations (Ridgway et 
al. 2002). Prior to this study, spatial structure was suggested by the observation that juvenile 
smallmouth bass were found not to disperse very far from their natal sites during the first 
summer of life and the fact that adults displayed fidelity to reproductive habitats over multiple 
years (Ridgway et al. 2002). This study has documented that many males spawned close to their 
natal sites: the majority of males that were found to have hatched in the river nested within 300 
m of their natal sites, whereas the majority of males that hatched in the lake habitat nested within 
600 m of their natal sites. Approximately one-third of the males that hatched in the river were 
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philopatric when philopatry was defined as males having spawned within their natal pool in the 
river. If this somewhat arbitrary definition of philopatry is expanded to also include males that 
nested one pool upstream or downstream of their natal pool in the river, then more than half of 
the males that hatched in the river (56%) would be considered philopatric. In comparison, 12% 
of the males that hatched in the lake nested within a similar distance of their natal site as the 
males that nested within their natal pool in the river (average pool diameter = ~150 m) and 
nearly a third of those that hatched in the lake (31%) nested within 300 m of their natal site. If 
philopatry is defined to be males nesting within their natal habitat (i.e., the lake or the river), then 
76% of males that hatched in the lake and 91% of males that hatched in the river were 
philopatric. To put these results in context, philopatry has probably been more thoroughly 
studied in passerine birds than any other group of organisms, and a literature review found 6.3% 
and 2.6% of individuals in resident and migratory passerine species, respectively, to be 
philopatric (Weatherhead and Forbes 1994). It is not possible to evaluate the level of philopatry 
exhibited by the females within the study site because they are rarely captured. In fact, the only 
information on the locations of females within the study site are for adult females that were part 
of a multiyear telemetry study; those females either remained in the lake throughout the 
reproductive seasons of the study or made potamodramous movements from the lake into the 
river during the time that spawning occurred and then returned back to the lake before the end of 
the parental care period (Barthel et al. 2008). It is possible that these females spawned in both the 
river and the lake. Future work will be required to determine the dispersal patterns of females. 
However, this study has clearly documented that many of the male smallmouth bass spawned in 
close proximity to their natal sites in spite of the fact that the species is capable of long-distance 
movements and there were no physical barriers to fish movements within the study system. 
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Although fish that moved out of the study site would not have been detected by sampling, 
none of the adults included in a three year telemetry study moved out of the study site (Barthel et 
al. 2008). This might suggest that the majority of offspring that hatched within the study site 
would have remained within the study site, unless there was a significant subset of fish that made 
long distance downstream movements as juveniles. Smallmouth bass have been documented to 
make long distance movements. However, these movements have involved larger juveniles and 
adults making seasonal migrations between reproductive habitats and overwintering areas in 
rivers rather than fish dispersing great distances and not returning near their point of origin (see 
review in Lyons and Kanehl 2002). Seasonal migratory movements have been detected in the 
current study system, as a subset of the radio-tagged adult males and females followed a 
potamodramous movement pattern, wherein they made annual movements from the lake into the 
river to spawn in the spring and then returned to the lake before the onset of winter (Barthel et al. 
2008). These movements have been attributed to individuals selecting to overwinter in the lake 
due to it being a superior overwintering habitat for individuals that spawn in the river. Although 
it is not known whether juveniles also make seasonal migrations, I expect that the small size and 
limited mobility of these fish would make longer migratory movements extremely unlikely. For 
instance, it seems more likely that most offspring that hatched in the river remained in the river 
during the first winter (i.e., did not follow the potamodramous movement pattern) rather than 
migrated to the lake in the fall and then returned upstream in the spring (which would have 
needed to have occurred for age-1 fish to have been captured in close proximity to their natal 
sites during the second summer of life in the river). This supposition is supported by work on 
two Wisconsin streams that documented that age-0 and age-1 juveniles remain in upstream river 
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reaches after advanced juveniles and adults had migrated to downstream overwintering areas in 
the fall (Langhurst and Schoenike 1990; Lyons and Kanehl 1993).  
Previous work has documented that smallmouth bass display fidelity to specific home 
ranges over multiple years (Larimore 1952; Gerking 1953, 1959), that males often return to 
spawn in close proximity to their previous years nest site (Ridgway 1991; Barthel et al. 2008), 
and that the areas occupied during reproductive period are usually not the same areas used as 
home ranges during non-reproductive periods of the year (Ridgway et al. 2002). Individuals have 
also been shown to home back to capture locations when displaced by human translocation or 
floods (Larimore 1952; Fajen 1962; Hubert 1981; Lyons and Kanehl 1993; Ridgway and Shuter 
1996). In the current study system, ~50% of males were documented to spawn within 20 m of 
their previous years nest site (Barthel et al. 2008). However, the adults that were part of the 
telemetry study did not reside near their nest sites throughout the year (i.e., nest site fidelity was 
not due to males remaining in the general area of their nest sites). Nearly all the radio-tracked 
individuals that spawned in the river made potamodramous migrations and spent the fall and 
winter in the lake (Barthel et al. 2008). The radio-tracked individuals that spawned in the lake 
moved throughout the lake habitat during non-reproductive periods and most aggregated in a 
single area during the winter (Barthel et al. 2008). The fact that adults return to spawn in the 
same area in multiple years (after having had moved away from the nest-site during the non-
reproductive periods of the year) and have been shown to home back to capture locations after 
they have been displaced indicates that smallmouth bass retain a memory of spatial locations 
over multiple years. By determining where males nested in relation to their natal site, this study 
has provided the first opportunity to evaluate whether natal homing plays a role in male nest site 
choices. Nearly half of the males that hatched in the lake and nearly three-quarters of the males 
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that hatched in the river nested within 500 m of their natal sites; these results indicate that 
significant proportions of the males nested in relatively close proximity to their natal sites, 
meeting one of the conditions required for natal homing to have occurred. Of course, the other 
condition is that males were located further from their natal site prior to reproduction and 
returned to spawn closer to their natal site. Members of the same year-class were generally found 
to be similar distances from their natal sites at age-1 and nesting adult males; six of the eight 
individuals that were captured at both age-1 and adulthood were located either in the same pool 
or in adjacent pools at both lifestages. These patterns could have resulted from males remaining 
in the same general area throughout the juvenile lifestage or they might have dispersed further 
during the period between age-1 and maturation but returned to nest in proximity to their natal 
sites (i.e., exhibited natal homing). The extended period between age-1 and first reproduction 
means that fish could have made extensive movements throughout the later juvenile stages that 
were not detected. The only results that suggest that males returned to nest in closer proximity to 
their natal sites than they had been as juveniles is that fact that 15% more of the offspring that 
were determined to have hatched in the lake were located within 500 m of their natal site as adult 
males than at age-1. Natal homing would have been better supported if a larger proportion of 
adult males that nested in the lake had selected nest sites that were located closer to their natal 
sites (e.g., within the 0-100 m or 101-200 m distance classes) or if the fish that hatched in the 
river were located further from their natal sites at age-1 than they were as adults. Ultimately, the 
fact that information on individual locations between age-1 and first spawning are lacking means 
that it is beyond the scope of the current study to determine whether males exhibited natal 
homing or not, however, the strong natal philopatry results, particularly in the river, indicate that 
this behavior remains a plausible explanation for male nesting locations. 
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Total length was the only factor found to be related to the distances that individual 
smallmouth bass were located from their natal sites. The relationships between total length and 
dispersal differed for the fish that hatched in each habitat; total length was positively related to 
the distance that age-1 fish that hatched in the lake and adult males that hatched in the river were 
located from their natal sites. I previously stated that one explanation for a positive relationship 
between the size of age-1 individuals and the distances they were located from their natal sites 
would be that larger offspring were better able to disperse through the environment during the 
first year of life. It is also possible, however, that they achieved larger size due to their having 
dispersed greater distances (greater dispersal might have resulted in their dispersing into better 
foraging areas or it could represent more active foraging during the first year of life). The fact 
that larger individuals that hatched in the river nested further from their natal sites than smaller 
males suggests that these males had not used the advantages of larger size to nest closer to their 
natal sites. These results are difficult to interpret, however, without information on individual 
sizes at the end of the parental care period or individual locations during later stages of the 
juvenile period. Although it is not possible to establish a cause and effect relationship between 
body size and the distance that individuals were located from their natal sites, the results indicate 
that there were different relationships for individuals that hatched in the lake versus rive and for 
the individuals at different life stages.  
The distances that individuals were located from their natal sites were not related to 
cohort abundance or to spawn order. It is possible that more localized measures of these two 
variables might have detected relationships that the habitat-wide measures used in the current 
study did not. For instance, it is very likely that members of cohorts were more abundant in some 
parts of the lake and river habitats than in others (due to some areas having greater densities of 
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nests then others). Under that scenario, the distance that individuals dispersed might depend on 
where they hatched within the habitat. Similarly, the presence or absence of previously spawned 
nests in close proximity to each male’s natal site at the time that each male spawned might be a 
more sensitive measure of whether previously spawned nests prevented individual fish from 
spawning near their natal sites than the habitat wide spawn order variable. That having been said, 
the measures included in the current study should have detected strong relationships between 
spawn order or cohort abundance and the distance that individuals were located from their natal 
sites. The reality is that there are likely to be numerous factors that influence where males choose 
to nest, many of which were beyond the scope of this study to evaluate.  
The fact that the fish that hatched in the lake and river had dispersed different distances 
from their natal sites suggests that there are habitat-specific differences in movement patterns, 
nest site selection decisions, or both. The different relationships between total length and the 
distance that individuals were located from their natal sites might indicate different size-
dependent movement patterns for fish that hatched in the two habitats. Ridgway et al. (2002) 
found that the distances that age-0 smallmouth bass had dispersed from their natal sites in 
another Canadian lake were best explained as diffusive movements away from the nest in search 
of feeding opportunities. If food availability is also related to the distance that juveniles 
dispersed in the current system, the fact that the age-1 fish that hatched in the lake were located 
further from their natal sites than the fish that hatched in the river might indicate that food 
resources are more limited in the lake and that fish had to move greater distances while foraging 
in the lake habitat than the river habitat. Another possibility is that the more physically complex 
habitat of the river (i.e., the riffles and rapids and relatively small natal pools vs. long stretches of 
suitable nesting habitat in the lake) might have provided more landmarks for individuals to use to 
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return to spawn near their own natal sites, if natal homing does occur. Further work is required to 
determine what factors are responsible for the different patterns in where males that hatched in 
the two habitats are located from their natal sites at age-1 and as adults. 
Previous work has documented that >95% of the adult males in the study system 
spawned in either the lake or the river (and not both) during their lives, and that males that 
spawned in the lake delayed maturation and first spawned at older ages and larger sizes than the 
males that spawned in the river (Barthel et al. 2008). The current study has confirmed that the 
vast majority (86%) of males spawned within their natal habitats, with 76% of the males that 
hatched in the lake and 91% of the males that hatched in the river having spawned within the 
habitat in which they had hatched. While 14% migration between habitats is far from genetic 
isolation, the opportunity for genetic differences to accumulate through random genetic drift or 
strong natural selection would depend on whether the individuals that spawned outside of their 
natal habitats were reproductively successful and if females have similar or greater levels of 
philopatry to natal habitats than males. Together, the natal philopatry detected by the current 
study and strong nest site fidelity that has previously been reported (~50% of males returned to 
spawn within 20 m of their previous years nest site in both habitats; Barthel et al. 2008) means 
that there is strong potential for genetic structure to develop at very fine spatial scales. 
The proportion of males that were determined to have hatched in the lake that spawned in 
the river (24.3%) was three times the portion of males that were determined to have hatched in 
the river that spawned in the lake (8%). This might be due to a considerable portion of the males 
that hatched in lake having following the potamodramous movement pattern that Barthel et al. 
(2008) had documented during the aforementioned telemetry study. It is not possible to 
determine whether the individual males that hatched in the lake and spawned in the river made 
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seasonal migrations between the lake and the river because of a lack of information on where 
individuals were located during the non-reproductive periods of the year, however, the fact that 
all the radio-tagged individuals that spawned in the river made potamodramous movements 
suggests that many of these males would have as well. It should also be noted that the telemetry 
study did not detected fish moving from the river to spawn in the lake (Barthel et al. 2008), 
however, nearly 8% of the males that were found to have hatched in the river by the current 
study spawned in the lake habitat. This finding indicates that migration between habitats was not 
unidirectional, however, it is unknown whether these males made seasonal movements between 
habitats or remained in the lake throughout the year. Potamodramy has been detected in 
numerous smallmouth bass populations and appears to be a relatively common tactic for 
smallmouth bass inhabiting systems where reproductive areas and overwintering areas are 
disjunct; potamodramous movements have been detected between lakes and rivers as well as 
between mainstem and tributary streams (Webster 1954; Reynolds 1965; Robins and 
MacCrimmon 1977; Montgomery et al. 1980; Gerber and Haynes 1988; Forbes 1989; Langhurst 
and Schoenike 1990; Pezold et al. 1997; Lyons and Kanehl 2002). The results of the current 
study suggest that a large proportion of the potamodramous individuals might have hatched in 
the ―overwintering‖ habitat rather than the habitat in which they spawned, which would have the 
potential to produce source-sink dynamics between habitats in these populations. 
The current study has provided significant insights into the spatial ecology of smallmouth 
bass by linking strong fidelity to reproductive sites and natal philopatry. Ridgway et al (2002) 
proposed that smallmouth bass offspring remain near their natal sites through the first winter, 
after which point they disperse widely in order to establish the home ranges necessary to 
accumulate the energetic reserves required for maturation and reproduction. The locations of the 
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age-1 fish in the current study are consistent with most fish having limited natal dispersal during 
the first year of their lives; however, the lack of information on individual locations during later 
juvenile stages means that it is not possible to determine whether offspring dispersed widely 
during later juvenile periods. If juveniles dispersed widely between age-1 and maturation, a 
considerable portion of the males returned to spawn in close proximity to their natal sites, 
particularly males that hatched in the river. If they did not disperse widely, natal philopatry 
results from very restricted movements among members of a very mobile species. In either case, 
this study suggests that there is the potential for spatial structure to exist between groups of 
smallmouth bass reproducing in different segments of habitat over relatively small spatial scales.  
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Tables. 
Table 2.1. Characteristics of the microsatellite loci used in this study. The name, labeling system 
(loci either used a M13 system or had fluorescent probes directly fixed to the forward primer), 
annealing temperature (Ta), number of PCR cycles, number of alleles (A), size range of alleles, 
original published reference, and GenBank accession number are presented for each locus.  
 
Locus 
Labeling 
system 
Ta 
(°C) Cycles A 
size range 
(bp) Reference 
GenBank 
Accession 
no. 
Lma10 Forward 49.2 33 5 113-127 Colbourne et al. 1996 na 
Lma21 Forward 45 33 6 191-201 Colbourne et al. 1996 na 
Lmar10 M13 57.7 40 3 239-251 Schable et al. 2002 AF503933 
Lmar14 M13 45 42 9 198-214 Schable et al. 2002 AF503936 
Mdo8 M13 55 35 6 209-227 Malloy et al. 2000 AF294496 
MiSaTPW014 M13 60 46 15 159-191 Lutz-Carrillo, unpub. na 
MiSaTPW068 M13 57 44 8 206-226 Lutz-Carrillo et al. 2008 EF590083 
MiSaTPW076 M13 57 48 14 233-277 Lutz-Carrillo et al. 2008 EF590085 
MiSaTPW087 M13 59 44 8 262-288 Lutz-Carrillo et al. 2008 EF590086 
MiSaTPW107 M13 58.9 44 10 266-290 Lutz-Carrillo et al. 2008 EF590091 
MiSaTPW116 M13 59 42 11 196-216 Lutz-Carrillo et al. 2008 EF590096 
MiSaTPW117 M13 60 34 35 239-316 Lutz-Carrillo et al. 2008 EF590097 
MiSaTPW165 M13 57 46 9 253-279 Lutz-Carrillo et al. 2008 EF590108 
MiSaTPW184 M13 60 46 18 231-271 Lutz-Carrillo et al. 2008 EF590114 
Msa17 M13 58.9 44 17 214-263 Unpublished DQ211535 
Msa22 M13 58.9 48 7 272-286 Unpublished DQ211537  
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Table 2.2. Mean and median natal dispersal distances of age-1 and adult male smallmouth bass 
that hatched in the lake and the river sections of the Mississippi River study site from seven year-
classes (1998-2004 cohorts). Results are presented for each independent year-class and when the 
year-classes were pooled (―1998-2004‖). 
 
Natal 
habitat 
Year-class Lifestage N 
Mean 
(m) 
SD 
(m) 
Median 
(m) 
Lake 1998-2004 Age-1 221 739 516 659 
  Males 167 670 555 504 
 1998 Age-1 29 672 634 512 
  Males 18 602 542 352 
 1999 Age-1 35 767 465 754 
  Males 28 663 571 456 
 2000 Age-1 19 719 421 617 
  Males 19 683 590 501 
 2001 Age-1 35 721 413 744 
  Males 36 746 555 646 
 2002 Age-1 30 871 474 860 
  Males 26 696 479 579 
 2003 Age-1 21 714 665 497 
  Males 26 770 626 579 
 2004 Age-1 40 675 618 534 
  Males 19 507 520 449 
River 1998-2004 Age-1 287 404 526 212 
  Males 343 403 493 231 
 1998 Age-1 43 417 408 293 
  Males 31 380 518 182 
 1999 Age-1 22 310 477 183 
  Males 47 352 496 112 
 2000 Age-1 21 455 513 316 
  Males 16 457 502 261 
 2001 Age-1 45 390 598 215 
  Males 63 387 399 296 
 2002 Age-1 51 525 597 305 
  Males 75 429 576 183 
 2003 Age-1 44 436 648 177 
  Males 60 352 446 257 
 2004 Age-1 61 296 379 121 
  Males 51 491 511 313 
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Table 2.3. Statistical test results for comparisons of the distances that age-1 and adult male 
smallmouth bass dispersed from their natal sites in the lake and river habitats of the Mississippi 
River study site (1998-2004 cohorts). The natal dispersal distances of offspring that hatched in 
the river were compared to those that hatched in the lake for age-1 (―Lake vs. river: age-1‖) and 
adult male offspring (―Lake vs. river: adult males‖). The natal dispersal distances of the age-1 
and adult male offspring that hatched in the same habitat were compared in the lake (―Lake: age-
1 vs. adult males‖) and the river (―River: age-1 vs. adult males‖). The natal dispersal 
distributions were compared using nonparametric Wilcoxon rank sum tests for each year-class 
independently, and when the year-classes were pooled. The mean and median natal dispersal 
distances are presented in Table 2.2.  
 
Comparison Year-class χ2 DF P 
Lake vs. river: age-1 
 1998-2004 88.11 1 <0.001 
 1998 3.31 1 0.069 
 1999 19.02 1 <0.001 
 2000 6.42 1 0.011 
 2001 19.61 1 <0.001 
 2002 15.15 1 <0.001 
 2003 14.12 1 <0.001 
 2004 17.48 1 <0.001 
Lake vs. river: adult males 
 1998-2004 47.03 1 <0.001 
 1998 4.30 1 0.038 
 1999 8.81 1 0.003 
 2000 1.93 1 0.164 
 2001 12.50 1 <0.001 
 2002 13.33 1 <0.001 
 2003 8.40 1 0.004 
 2004 0.33 1 0.566 
Lake: age-1 vs. adult males 
 1998-2004 4.04 1 0.044 
 1998 0.07 1 0.793 
 1999 1.66 1 0.198 
 2000 0.55 1 0.457 
 2001 0.02 1 0.899 
 2002 2.29 1 0.131 
 2003 0.68 1 0.409 
 2004 1.08 1 0.299 
River: age-1 vs. adult males 
 1998-2004 0.00 1 0.999 
 1998 2.54 1 0.111 
 1999 0.00 1 0.969 
 2000 0.09 1 0.759 
 2001 1.45 1 0.228 
 2002 3.61 1 0.057 
 2003 0.11 1 0.737 
 2004 4.56 1 0.033 
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Table 2.4. Natal dispersal patterns of age-1 and adult male smallmouth bass that hatched in the 
lake or river habitats of the Mississippi River study site (1998-2004 cohorts). The number and 
proportion of the individuals that were captured within each 500m distance class from their natal 
sites are presented. 
 
 Distance 
(m) 
Age-1  Adult males 
Habitat N Prop.  N Prop. 
Lake 0-500 78 0.353  82 0.491 
 501-1000 83 0.376  46 0.275 
 1001-1500 45 0.204  23 0.138 
 1501-2000 9 0.041  11 0.066 
 2001-2500 2 0.009  4 0.024 
 2501-3000 4 0.018  1 0.006 
River 0-500 207 0.721  253 0.738 
 501-1000 51 0.178  51 0.149 
 1001-1500 16 0.056  20 0.058 
 1501-2000 4 0.014  9 0.026 
 2001-2500 4 0.014  8 0.023 
 2501-3000 5 0.017  2 0.006 
 
 
Table 2.5. Natal dispersal patterns of age-1 and adult male smallmouth bass that hatched in the 
river habitat of the Mississippi River study site (1998-2004 cohorts). The number and proportion 
of age-1 and adult male offspring that were captured in their natal pool, in other pools (reported 
in relation to the natal pool), and in the lake are reported.   
 
Capture location 
relative to natal pool 
Age-1  Males 
N Prop.  N Prop. 
Within natal pool 91 0.259  112 0.327 
1 pool away 69 0.197  79 0.230 
2 pools away 20 0.057  44 0.128 
3 pools away 17 0.048  28 0.082 
4 pools away 20 0.057  25 0.073 
5 pools away 4 0.011  8 0.023 
6 pools away 9 0.026  6 0.018 
7 pools away 7 0.020  9 0.026 
Lake 49 0.0142  30 0.093 
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Table 2.6. Model selection results for AIC analysis of the factors proposed to influence the 
distance that age-1 smallmouth bass (N = 221) had dispersed from their natal sites in the lake 
habitat of the Mississippi River study site (1998-2004 cohorts). Factors included in the models 
were offspring total length (―TL‖), cohort abundance at the end of the parental care period 
(―FRY_ABUND‖), and cohort abundance at the end of the first year of life (―AGE1_ABUND‖). 
Models are ranked by differences in AIC values (∆AICC). The ―{0}‖ model is the null that did 
not include any explanatory variables. 
 
Model K AICC ∆AICC Likelihood Weight 
{TL} 3 432.23 0.00 1.000 0.429 
{TL+AGE1_ABUND} 4 433.44 1.21 0.547 0.235 
{TL+FRY_ABUND} 4 434.31 2.08 0.354 0.152 
{TL+FRY_ABUND+AGE1_ABUND} 5 435.18 2.95 0.229 0.098 
{0} 2 436.94 4.71 0.095 0.041 
{AGE1_ABUND} 3 438.18 5.95 0.051 0.022 
{FRY_ABUND} 3 439.00 6.77 0.034 0.015 
{FRY_ABUND+AGE1_ABUND} 4 439.93 7.70 0.021 0.009 
 
 
 
Table 2.7. Sums of the Akaike weights for the three factors included in AIC analyses of natal 
dispersal distances of age-1 smallmouth bass that hatched in the lake (N = 221) and the river (N 
= 287) habitats of the Mississippi River study site (1998-2004 cohorts). Factors included in the 
models were offspring total length (―TL‖), cohort abundance at the end of the parental care 
period (―FRY_ABUND‖), and cohort abundance at the end of the first year of life 
(―AGE1_ABUND‖). The model-averaged parameter estimates are also provided.  
 
Parameter 
Lake  River 
Weight over 
all models 
Parameter 
estimate 
 Weight over 
all models 
Parameter 
estimate 
TL 0.914 0.196  0.312 -0.061 
FRY_ABUND 0.274 0.000  0.664 0.000 
AGE1_ABUND 0.364 0.038  0.331 0.045 
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Table 2.8. Model selection results for AIC analysis of the factors proposed to influence the 
distance that age-1 smallmouth bass (N = 287) had dispersed from their natal sites in the river 
habitat of the Mississippi River study site (1998-2004 cohorts). Factors included in the models 
were offspring total length (―TL‖), cohort abundance at the end of the parental care period 
(―FRY_ABUND‖), and cohort abundance at the end of the first year of life (―AGE1_ABUND‖). 
Models are ranked by differences in AIC values (∆AICC). The ―{0}‖ model is the null that did 
not include any explanatory variables. 
 
Model K AICC ∆AICC Likelihood Weight 
{FRY_ABUND} 3 596.47 0.00 1.000 0.297 
{0} 2 597.67 1.20 0.550 0.163 
{FRY_ABUND+AGE1_ABUND} 4 597.70 1.23 0.540 0.160 
{TL+FRY_ABUND} 4 598.05 1.58 0.454 0.135 
{TL} 3 599.24 2.77 0.251 0.074 
{TL+FRY_ABUND+AGE1_ABUND} 5 599.29 2.82 0.244 0.072 
{AGE1_ABUND} 3 599.43 2.96 0.228 0.068 
{TL+AGE1_ABUND} 4 601.01 4.54 0.103 0.031 
 
 
Table 2.9. Model selection results for AIC analysis of the factors proposed to influence the 
distance that adult male smallmouth bass (N = 167) had dispersed from their natal sites in the 
lake habitat of the Mississippi River study site (1998-2004 cohorts). Factors included in the 
models were offspring total length (―TL‖), cohort abundance at the end of the parental care 
period (―FRY_ABUND‖), cohort abundance at the end of the first year of life 
(―AGE1_ABUND‖), and the number of nests that had already been broods when each male 
spawned (―ORDER‖). Models are ranked by differences in AIC values (∆AICC). The ―{0}‖ 
model is the null that did not include any explanatory variables. 
 
Model K AICC ∆AICC 
Like-
lihood Weight 
{ORDER} 3 342.73 0.00 1.000 0.256 
{ORDER+FRY_ABUND} 4 344.67 1.94 0.379 0.097 
{0} 2 344.69 1.96 0.376 0.096 
{TL+ORDER} 4 344.71 1.98 0.372 0.095 
{ORDER+AGE1_ABUND} 4 344.83 2.10 0.350 0.090 
{TL} 3 344.95 2.22 0.330 0.084 
{FRY_ABUND} 3 346.42 3.69 0.158 0.040 
{TL+ORDER+FRY_ABUND} 5 346.68 3.95 0.138 0.035 
{AGE1_ABUND} 3 346.72 3.99 0.136 0.035 
{ORDER+FRY_ABUND+AGE1_ABUND} 5 346.75 4.02 0.134 0.034 
{TL+ORDER+AGE1_ABUND} 5 346.82 4.09 0.129 0.033 
{TL+FRY_ABUND} 4 346.83 4.10 0.129 0.033 
{TL+AGE1_ABUND} 4 347.04 4.31 0.116 0.030 
{FRY_ABUND+AGE1_ABUND} 4 348.17 5.44 0.066 0.017 
{TL+ORDER+FRY_ABUND+AGE1_ABUND} 6 348.82 6.09 0.047 0.012 
{TL+FRY_ABUND+AGE1_ABUND} 5 348.93 6.20 0.045 0.012 
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Table 2.10. Model selection results for AIC analysis of the factors proposed to influence the 
distance that adult male smallmouth bass (N = 344) had dispersed from their natal sites in the 
river habitat of the Mississippi River study site (1998-2004 cohorts). Factors included in the 
models were offspring total length (―TL‖), cohort abundance at the end of the parental care 
period (―FRY_ABUND‖), cohort abundance at the end of the first year of life 
(―AGE1_ABUND‖), and the number of nests that had already been broods when each male 
spawned (―ORDER‖). Models are ranked by differences in AIC values (∆AICC). The ―{0}‖ 
model is the null that did not include any explanatory variables. 
 
Model K AICC ∆AICC 
Like-
lihood Weight 
{TL} 3 701.11 0.00 1.000 0.355 
{TL+FRY_ABUND} 4 702.75 1.64 0.440 0.156 
{TL+AGE1_ABUND} 4 702.92 1.81 0.405 0.144 
{TL+ORDER} 4 702.99 1.88 0.390 0.138 
{TL+FRY_ABUND+AGE1_ABUND} 5 704.54 3.43 0.180 0.064 
{TL+ORDER+FRY_ABUND} 5 704.64 3.53 0.171 0.061 
{TL+ORDER+AGE1_ABUND} 5 704.87 3.76 0.152 0.054 
{TL+ORDER+FRY_ABUND+AGE1_ABUND} 6 706.51 5.40 0.067 0.024 
{ORDER} 3 712.11 11.00 0.004 0.001 
{0} 2 712.42 11.31 0.003 0.001 
{ORDER+FRY_ABUND} 4 714.00 12.89 0.002 0.001 
{ORDER+AGE1_ABUND} 4 714.09 12.98 0.002 0.001 
{FRY_ABUND} 3 714.35 13.24 0.001 0.000 
{AGE1_ABUND} 3 714.43 13.32 0.001 0.000 
{ORDER+FRY_ABUND+AGE1_ABUND} 5 715.99 14.88 0.001 0.000 
{FRY_ABUND+AGE1_ABUND} 4 716.38 15.27 0.000 0.000 
 
 
Table 2.11. Sums of the Akaike weights for the three factors included in AIC analyses of the 
natal dispersal distances of adult male smallmouth bass that hatched in the lake (N = 167) and 
the river (N = 344) sections of the Mississippi River study site (1998-2004 cohorts). Factors 
included in the models were offspring total length (―TL‖), cohort abundance at the end of the 
parental care period (―FRY_ABUND‖), cohort abundance at the end of the first year of life 
(―AGE1_ABUND‖), and the number of nests that had already been broods when each male 
spawned (―ORDER‖). The model-averaged parameter estimates are also provided.  
 
Parameter 
Lake  River 
Weight over 
all models 
Parameter 
estimate 
 Weight over 
all models 
Parameter 
estimate 
TL 0.334 -0.029  0.995 0.094 
ORDER 0.653 0.092  0.279 0.012 
FRY_ABUND 0.281 0.000  0.305 0.000 
AGE1_ABUND 0.262 0.004  0.286 0.023 
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Table 2.12. The number and percentage of the individual smallmouth bass that remained within 
their natal habitat vs. those that had dispersed into the other habitat in the Mississippi River study 
site (1998-2004 cohorts). Results are presented for age-1 and adult male offspring that hatched in 
the river or the lake in each individual year-class and when the year-classes were pooled. 
 
  Hatched in lake  Hatched in river 
  Captured in 
lake 
 Captured in 
river 
 Captured in 
river 
 Captured in 
lake 
Year-class  N %  N %  N %  N % 
1998 Age-1 25 86.2  4 13.8  37 86.0  6 14.0 
Male 14 77.8  4 22.2  28 90.3  3 9.7 
1999 Age-1 34 97.1  1 2.9  20 90.9  2 9.1 
 Male 22 73.3  8 26.7  45 93.8  3 6.3 
2000 Age-1 19 100  0 0.0  14 66.7  7 33.3 
 Male 13 68.4  6 31.6  14 82.4  3 17.6 
2001 Age-1 34 97.1  1 2.9  39 86.7  6 13.3 
 Male 26 72.2  10 27.8  59 96.7  2 3.3 
2002 Age-1 24 80.0  6 20.0  41 80.4  10 19.6 
 Male 20 76.9  6 23.1  66 88.0  9 12.0 
2003 Age-1 26 78.8  7 21.2  34 77.3  10 22.7 
 Male 15 71.4  6 28.6  59 96.7  2 3.3 
2004 Age-1 38 95.0  2 5.0  53 86.9  8 13.1 
 Male 18 94.7  1 5.3  43 84.3  8 15.7 
1998-2004 Age-1 200 90.5  21 9.5  238 82.9  49 17.1 
 Male 128 76.6  41 24.4  314 91.3  30 8.7 
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Figures. 
Figure 2.1. Natal dispersal distances of the age-1 and adult male smallmouth bass captured 
within the Mississippi River study site (1998-2004). Each bar represents the proportion of the 
age-1 (black) and adult males (gray) that hatched in the lake (A) or river (B) habitats that were 
captured within each 100 m distance class from their natal sites. There were 221 age-1 and 167 
adult male offspring assigned that hatched in the lake and 287 age-1 and 343 adult male 
offspring assigned that hatched in the river.  
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Figure 2.2. Comparison of the distances that age-1 and adult male smallmouth bass had dispersed 
from their natal sites within the Mississippi River study site (1998-2004 cohorts). The 
relationship between distances that the eight individual male bass that had been captured at both 
lifestages were located from their natal sites are presented in A. The relationships between the 
average distances that the members of seven cohorts (year-classes 1998-2004) were located from 
their natal sites at age-1 and as adult males are presented in B (filled circles represent the 
offspring that hatched in the lake and the empty circles represent those that hatched in the river). 
The solid lines depict linear regressions for the data and the dotted line represents the 1:1 
relationship that would be expected if individuals had dispersed the same distance from their 
natal sites at both lifestages.  
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Figure 2.3. Relationship between offspring total length and distance that they were captured from 
their natal sites in the Mississippi River study site (1998-2004 cohorts). Analyses were 
conducted separately for the age-1 offspring that hatched in the lake (A) or river (B) and the 
adult male offspring that hatched in the lake (C) or river (D). Total lengths were standardized by 
subtracting the mean total length of the members of the same year-class that hatched in the same 
habitat. AIC analyses were conducted using square root transformed response variable (distance 
from natal site), however, the untransformed values are presented in the figures. 
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CHAPTER THREE: SELECTION ON THE TRAITS OF MALE SMALLMOUTH BASS 
SPAWNING IN RIVER VERSUS LAKE HABITATS 
 
Abstract. 
The reproductive success of male smallmouth bass inhabiting a connected river-lake system has 
been investigated for more than a decade to determine which males were successful across a 
series of three offspring developmental periods, between different habitats (lake vs. river), and 
among six different reproductive seasons (1998-2003). The individual reproductive success of 
male smallmouth bass defending their broods was tracked from just after spawning through the 
end of the parental care period. Genetic paternity assignments determined which parental males 
had sired offspring captured when male offspring matured and spawned within the study site. 
Selection gradients indicated that male body size had the greatest influence on reproductive 
success during the parental care period for the males that spawned in each habitat. In the lake, 
large males produced more (per capita) surviving adult male offspring than small males. In the 
river habitat, post-parental care reproductive success was influenced by the day of the 
reproductive period on which males had spawned, with earlier spawning males producing more 
offspring than those that spawned later in the season. Male heterozygosity was not found to be 
correlated to reproductive success at any of the stages of offspring development in either of the 
habitats. Taken as a whole, this study indicates that body size is positively correlated to 
reproductive success in the lake, whereas spawn timing is the most important trait for males that 
spawn in the river.  
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Introduction. 
The recognition that organisms produce more progeny than survive to maturity was 
fundamental to the formulation of the theory of natural selection (Darwin 1872). Relative to 
other vertebrates, bony fishes produce extremely large numbers of exceptionally small-sized 
offspring (Blueweiss et al. 1978), the vast majority of which die prior to maturation, even under 
the best of conditions. The high mortality rates encountered by many fish species during early 
life stages have the potential to result in large variance in reproductive success among spawning 
individuals. In some species, offspring survival depends on synchrony between the time that 
offspring hatch and the availability of a critical food resource, which in some cases is both 
unpredictable and ephemeral (i.e., match-mismatch scenarios; Cushing 1990). In these cases, 
chance might play a larger role in determining which parents’ offspring survive than the traits of 
the parents themselves. In some teleost species, however, parental traits have been found to 
influence which individual’s offspring survive bottlenecks (Garant et al. 2003; Seamons et al. 
2004; Seamons et al. 2007; Theriault et al. 2007). In these cases, there is the potential for the 
parental traits that are correlated to variance in reproductive success to be under strong sexual 
and natural selection.  
Body size has often been found to be positively related to fecundity and mating success 
(Kingsolver and Pfennig 2004); in most species, larger females produce more eggs than smaller 
females, and larger males often secure more mating opportunities than smaller males (Andersson 
1994). Because of the difficulty in tracking the fate of numerous, small, mobile organisms in 
aquatic environments, nearly all attempts to measure individual reproductive success in fishes 
have been made at very early life stages (i.e., female fecundity or for organisms with parental 
care, the size of the brood; Avise et al. 2002). Recently, studies utilizing genetic parentage 
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techniques in a number of salmonid species have tested whether the presumed benefits of large 
body size are indeed realized by determining whether the number of offspring that survive 
critical developmental periods is linked to parental body size. Although larger body size 
generally conferred greater reproductive success to female Atlantic salmon Salmo salar (Garant 
et al. 2005), brook charr Salvelinus fontinalus (Theriault et al. 2007), and steelhead 
Oncorhynchus mykiss (Seamons et al. 2004; Seamons et al. 2007) in most of the years studied, 
reproductive success was not correlated with male body size in these species (Seamons et al. 
2004; Garant et al. 2005; Seamons et al. 2007; Theriault et al. 2007). Larger males were expected 
to be more successful because they have a competitive advantage over smaller males during 
physical contests for mating opportunities on the spawning grounds (Keenleyside and Dupuis 
1988; Quinn and Foote 1994; Dickerson et al. 2002; Blanchfield et al. 2003). The fact that these 
males did not sire more juvenile and adult offspring illustrates that estimates of reproductive 
success based on measuring fecundity or mating success may be inaccurate and/or misleading. 
Accurate determinations of individual reproductive success are important for understanding 
population dynamics and for designing conservation and management strategies for harvested 
populations and threatened species.  
Although the direction, shape, and strength of selection on traits is expected to vary 
according to the spatial and temporal characteristics of each environment (Fisher 1930; Cole 
1954), the traits of species that provide parental care to offspring might well be under fairly 
consistent selection because parental care traits directly impact offspring survival. Postzygotic 
parental care of offspring is provided by species in ~20% of the families of teleost fishes 
(Blumer 1982), and it is the male that is the primary or exclusive caregiver in nearly 70% of 
these families (Blumer 1979). The reproductive ecology of smallmouth bass (Micropterus 
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dolomieu) is representative of one of the most common forms of parental care, male defense of 
developing eggs and embryos in a ―nest‖ constructed in the substrate of the littoral zone. Because 
it is a popular gamefish that is well suited to field observations, there has been extensive research 
into the reproductive ecology of this species at both the individual and population levels. Studies 
have shown that there is considerable variation in both mating success and the number of larvae 
raised by individual males during the parental care period (Raffetto et al. 1990; Wiegmann et al. 
1992). In addition, male size and relative spawn date (i.e., the day on which eggs are deposited 
within a male’s nest relative to the spawning period of the total reproductive population) have 
been documented to influence individual reproductive success (Wiegmann et al. 1992; Baylis et 
al. 1993; Suski and Philipp 2004). These two male traits are correlated due to asynchrony in 
smallmouth bass reproductive activity; larger individuals of both sexes spawn earlier in the 
reproductive period than smaller individuals, which results in the relative number of eggs 
deposited in nests being positively related to male size and inversely related to spawn date 
(Ridgway et al. 1991). Larger males enter the reproductive period with more energetic reserves 
than smaller males, invest more energy into parental care, and are more successful in raising 
their broods to independence than smaller males (Reynolds and O’Bara 1991; Gillooly and 
Baylis 1999; Mackereth et al. 1999). Spawn date has been proposed to be inversely related to 
offspring survival to age -1 and beyond because it has been assumed that the longer growing 
season of earlier hatched individuals results in those early-spawned offspring reaching a larger 
body size before the onset of the first winter (Baylis et al. 1993), which is believed to be a major 
bottleneck to juvenile smallmouth bass survival in northern latitudes. Both laboratory 
experiments and field observations have indicated that size-dependent winter starvation affects 
those offspring that fail to accumulate sufficient energetic reserves during the first summer, 
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especially in the northern parts of the species range (Shuter et al. 1980). Although the extent to 
which female mate choice or energetic constraints on the spawn timing of smaller males (i.e., 
small males generally spawn later in the reproductive period than large males) are responsible for 
the greater mating success experienced by larger males has not be determined, it has been 
assumed that compared to smaller males, increased mating success and greater offspring survival 
rates during the parental care period results in larger males having more offspring survive to 
reproduce as adults (Raffetto et al. 1990; Wiegmann et al. 1992). 
To date, only a single study has attempted to test the assumption that the relative number 
of offspring that depart from a nest is a reasonable estimate of individual male fitness beyond the 
parental care period; Gross and Kapuscinski (1997) used nest-specific DNA fingerprints to 
determine the nest of origin for a number of juvenile smallmouth bass collected in the first 
September after hatching. They found that offspring survival was not random (5.4% of spawning 
males produced 54.7% of the juveniles captured in the fall), but were unable to relate variance in 
reproductive success to the characteristics of any of the parental males, their nesting locations, or 
the number of eggs and larvae present in males nests. Herein I present the results of a study that 
has integrated observations of individual reproductive success during the parental care period 
with genetic paternity assignments of offspring captured after the parental care period to 
determine which male traits are linked to reproductive success between the time that male 
smallmouth bass mate and the time that their offspring mature and enter the reproductive 
population.  
The reproductive activity of smallmouth bass inhabiting a connected river-lake section of 
the Mississippi River in Ontario, Canada, has been monitored for more than a decade. Previous 
work has documented that differences in the physical characteristics of the lake and river habitats 
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of this study site result in a smaller proportion of the male smallmouth bass that spawn in the 
river raising their broods to independence than males that spawn in the lake (Barthel et al. 2008). 
The fact that a smaller proportion of males raise their broods to independence in the river is 
expected to result in lower reproductive success on average and a greater proportion of males 
that had no adult male offspring in the river than the lake. I predict that relative reproductive 
success will be positively related to body size and negatively related to spawn date for males that 
spawned in each habitat at all three periods of offspring development. Although interannual 
variation in environmental conditions may result in the strength of selection varying among 
years, I expect that there should be consistent patterns in the direction of selection on traits 
across most years.  
 
Methods. 
Field collections. 
This study was conducted on a segment of the Mississippi River (a tributary of the 
Ottawa River) in Frontenac County, Ontario, Canada (44°56’ N; 76°42’W) that includes both 
riverine and lacustrine habitats. The 1.5 km riverine habitat includes eights pools (mean ± S.D. 
surface area = 1.0 ± 0.6 ha) that are separated by riffles and rapids, ultimately flowing over a 
series of rapids into a 1.75 km long widening and deepening of the river (a lacustrine habitat) 
called Millers Lake (surface area = 45 ha). A previous telemetry study indicated that the riffles 
and rapids did not restrict the movements of adult smallmouth bass within this study site (Barthel 
et al. 2008). Immigration and emigration from upstream reaches is inhibited by a large (>2 m) 
waterfall upstream of the study site. There is also a set of substantial rapids downstream of the 
study site that is expected to challenge upstream dispersal of juveniles during the first year of 
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life, but may not be a total impediment to adult movements. However, none of the adult 
smallmouth bass that were part of a multiyear telemetry study were observed to move out of the 
study site in either direction (Barthel et al. 2008). 
 Smallmouth bass reproductive activity has been monitored each year since 1991 in the 
river section and since 1996 in the lake section of the study site. Each year, snorkelers swam the 
littoral zone three times a week during the reproductive period (generally between mid-May and 
the beginning of July), placed a numbered plastic tag beside each discovered nest, and recorded 
its location on a detailed map of the system. The following information was recorded for each 
nest: nest depth (m), estimated spawn date (based on a well-characterized ontogeny of early 
developmental stages), and male mating success (recorded as a visual estimate of the relative 
number of eggs in the nest, with scores between 1 and 5, 1 being a nest with very few eggs, 3 
being a nest with an average number of eggs, and 5 being a nest with an exceptionally high 
number of eggs; Kubacki 1992). During subsequent swims researchers searched for new nests 
and monitored previously tagged nests, thereby determining whether each male that spawned 
was successful or not in raising its brood. A male was considered successful if its brood 
developed to the point at which the offspring dispersed from the nest into shallow littoral zone 
structure, had transformed from black to green/brown body coloration, and were acting 
independently of the male (Philipp et al. 1997). I believe that the clarity of the water, frequency 
and veracity of the snorkeling surveys, and the fact that smallmouth bass rarely nest at depths 
greater than 2 m in this system resulted in virtually all of the nests being found each year. 
 From 1996 to 2009, after each nest was located, the attending parental male was captured 
using hook-and-line angling. The total length of each male was measured to the nearest mm, and 
scales were collected from the area posterior to the dorsal fin and below the lateral line to 
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determine the age of each male using the annuli, following the methods of Barthel et al. (2008). 
The year in which each male had hatched (i.e., its year-class) was determined from the fish’s age. 
In addition, a small piece of caudal fin was collected from each male and stored in 95% ethanol 
for DNA extraction. A passive integrated transponder (PIT) tag was injected into the peritoneal 
cavity of each new male so that individual males could be identified when they spawned in 
multiple years. The sampling and handling process took less than one minute, after which the 
males were released directly adjacent to their nests (<10 m). This mild handling allowed them to 
return quickly to their nests and resume parental care.  
 
Molecular methods. 
 DNA was extracted using the same procedure described in Chapter 2. Electrophoresis 
was conducted using the same techniques and the same 16 polymorphic microsatellite loci 
presented in Chapter 2. 
 MICRO-CHECKER version 2.2 (Van Oosterhout et al. 2004) was used to evaluate if null 
alleles were present at any loci. Tests of linkage disequilibrium between loci were performed via 
the Markov chain algorithm in GENEPOP version 4.0 (10,000 permutations, Raymond and 
Rousset 1995). 
 
Genetic paternity assignments. 
 I assessed which nest-guarding male was most likely to have sired each adult male 
offspring from six year-classes (1998-2003) of smallmouth bass in the system using the 
likelihood methods employed by the paternity software CERVUS (Kalinowski et al. 2007). The 
paternity assignment methods are presented in detail in Chapter 2. Briefly, for each captured 
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offspring, CERVUS compared the likelihood that each candidate parent was the true parent vs. 
the likelihood that each candidate parent was not the true parent, and only assigned parentage to 
a male when the likelihood of its parentage exceeded the pre-determined level of statistical 
confidence (assignments were conducted at relaxed and strict confidence levels, which were set 
at 80% and 95% statistical confidence in the accuracy of the assignments, respectively). 
Offspring were not assigned if none of the candidate males had a high likelihood of paternity or 
if two or more males had similar likelihoods. 
 
Assessments of mating success and reproductive success. 
I determined the annual mating success and reproductive success of each individual male 
smallmouth bass that spawned within the study site over six years (1998-2003). I calculated the 
success of each male relative to the average success of all the males that spawned in the same 
habitat in the same year for each stage of offspring development by dividing the number of 
eggs/offspring that a male produced by the average number of eggs/offspring produced by all of 
the males that spawned in that habitat during that year. 
Mating success was defined as the number of eggs that a male received in its nest. 
Because of the logistical challenges of monitoring the large number of nests that received eggs 
each year, together with the risk of disturbing nests by physically sampling/manipulating eggs, 
the relative number of eggs in nests was scored using the previously described 1-5 scale of 
mating success. Kubacki (1992) has previously enumerated the number of fry that depart nests 
with each level of mating success (reported below in the estimates of reproductive success during 
the parental care period). Raffetto et al. (1990) found that the number of fry that departed nests 
represented ~40% of the eggs deposited in a nest during mating. Therefore, under the assumption 
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that the average number of fry that Kubacki (1992) reported departed nests with each level of 
mating success represented 40% of the eggs deposited in nests with that level of mating success, 
I estimated that a nest with MS level 1 had 750 eggs, a nest with MS level 2 had 1750 eggs, a 
nest with MS level 3 had 3000 eggs, a nest with MS level 4 had 4500 eggs, and a nest with MS 
level 5 had 6250 eggs. These numbers are within the range reported when the number of eggs 
deposited in nests have been counted in other populations (Raffetto et al. 1990; Wiegmann et al. 
1992). 
Reproductive success measured at the end of the parental care period – It was not 
possible to count the exact number of fry that departed individual nests so, similarly to the 
approach to estimating mating success, I used the average number of fry that were reported to 
depart nests with each level of mating success by Kubacki (1992) to estimate reproductive 
success during the parental care period in this study. Kubacki (1992) reported that males with 
MS level 1 had an average of 300 fry depart their nest at the end of the parental care period, 
males with MS level 2 had 700 fry depart the nests, MS level 3 had 1200 fry depart the nest, MS 
level 4 had 1800 fry depart the nest, and MS level 5 had 2500 fry depart the nest.  
Reproductive success as the number of adult male offspring that spawned – The number 
of adult male offspring sired by each male smallmouth bass was determined via genetic paternity 
assignments over all years for that generation. 
 
Statistical analyses. 
 I conducted analyses both for each individual year and for all years pooled together. The 
majority of males (73%) that reproduced within the study site between 1997 and 2004 spawned 
in only a single reproductive season (Barthel et al. 2008). Although the reproductive events of 
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individual fish that spawned in multiple years were not independent because the same parent was 
involved, the traits exhibited by individual males differed among years due to annual growth 
(i.e., males were larger in each subsequent reproductive season) and the relationship between 
size and spawn date (i.e., larger individuals spawn earlier in the reproductive period). The 
relatively short reproductive lifespan also meant that the social environment (i.e., the range of 
traits exhibited by all the males that spawned within single years and the number of males that 
spawned each year) and physical environment (e.g., the beginning and end dates of the 
reproductive period are influenced by spring climate and differences in rain fall produce different 
flow rates which influence the proportion of males that raise their broods to independence) 
varied among years.  
It is possible that males that had spawned in previous years would have greater 
reproductive success than males that were spawning for the first time due to their having 
experience raising broods during the parental care periods of previous years. I tested whether 
prior reproductive experience influenced individual mating success or reproductive success at 
each of the two stages of offspring development by conducting analyses of covariance 
(ANCOVA) in which the variable of interest was whether each male had spawned in a previous 
year or not and the covariates were the two standardized male traits (i.e., body size and spawn 
date). I feel it would be appropriate to treat males that spawned in more than one reproductive 
season as different individuals in each year they spawned if reproductive experience was not 
found to influence success.   
 The standardized variance in relative reproductive success is often referred to as the 
opportunity for selection (I) (Crow 1958). I calculated I for the males that spawned in each year 
(1998-2003) in each habitat by dividing the variance in the number of adult male offspring they 
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produced by the squared mean number of adult male offspring that they had produced (Arnold 
and Wade 1984). I investigated whether I was influenced by the number of males that spawned 
within a year (i.e., whether there was greater variance in mating success when there were more 
males competing for mating opportunities) or the number of fry that were produced during the 
parental care periods (i.e., whether density-dependent survival led to greater variance in years 
when greater numbers of offspring were competing for resources) using least squares regression.  
 I applied the regression methods of Arnold and Wade (1984) to determine how strongly 
parental traits were correlated to variance in mating success and reproductive success and to 
estimate the strength of selection acting upon these traits. Briefly, Arnold and Wade (1984) 
showed that the covariance between relative fitness (in this case relative mating success or 
reproductive success) and a continuous trait is equivalent to the shift in the trait mean before and 
after selection (i.e., a selection differential). When correlated traits are included in a multiple 
regression it is possible to partition the direct and indirect effects of selection on each trait; the 
partial regression coefficients represent the direct force of selection on the traits and are referred 
to as selection gradients (Arnold and Wade 1984). It should be noted that selection differentials 
and gradients measure the strength of selection on a traits, but not the response to the selection 
(i.e., whether trait values change over generations). The two traits included in these analyses, 
male total length (mm) and spawn date (the day of the spawning period in each year), were 
standardized by subtracting the mean trait value observed for all the males that spawned in the 
same year and habitat and then dividing by the standard deviation observed for all the males that 
spawned in the same year and habitat. I used the trait values relative to the mean for all the males 
that spawned in the same year and habitat to calculate the quadratic and cross product terms, 
which were then standardized to a mean of zero and standard deviation of one. I conducted 
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analyses for each of the three stages of offspring development. Individual mating success was the 
relative number of eggs that were estimated to have been deposited in each male’s nest for 
mating success. Individual reproductive success was the relative number of fry that males were 
estimated to have raised to independence during the parental care period and the relative number 
of individual offspring that each male sired that recruited into the population as adult males. The 
year term was not significant when it was included in least squares regression analyses 
performed on the pooled datasets, so it was not included in the final analyses of the pooled data.  
 I used four sets of regressions to generate selection coefficients. First, selection 
differentials (total selection on a trait) were the regression coefficients of simple linear 
regressions of the standardized trait values against relative mating success or relative 
reproductive success. Second, selection gradients (direct selection) on each of the focal traits 
were the partial regression coefficients for each trait from a multiple regression that included 
both traits. Third, quadratic selection differentials were two times the partial regression 
coefficient of the squared term in the multiple regression that included both the trait and its 
squared value. Fourth, selection gradients of the quadratic and cross-product terms were 
calculated as two times the partial regression coefficients of the squared term and cross-product 
term from multiple regressions including both traits, their squared values, and the cross-product 
term. Stabilizing selection (i.e., intermediate values favored over extreme values) is indicated 
when the linear and quadratic coefficients for a trait have opposite signs. Disruptive selection 
(i.e., extreme values favored over intermediate values) is present when the linear and quadratic 
coefficients have the same sign. 
 Individual heterozygosity has been found to be associated with fitness components in a 
number of organisms (e.g., Hansson et al. 2001; Hoglund et al. 2001; Acevedo-Whitehouse et al. 
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2003; Cordero et al. 2004; Roberts et al. 2006) and I investigated whether mating success or 
reproductive success were correlated to male heterozygosity as estimated by the homozygosity 
by loci metric (HL) metric developed by Aparicio et al. (2006). The HL index has been shown to 
be a more powerful estimate of inbreeding than observed heterozygosity or the d
2
 measure 
because it weighs the contribution of loci based on their variability, so that loci with greater 
variation have more influence on the estimate of homozygosity (Aparicio et al. 2006).  
Tests were conducted using JMP 4.0.4 (SAS Inc., Cary, NC, U.S.A.). 
 
Results. 
Demographics. 
 There were a total of 362 and 457 nests with broods in the lake and river, respectively, 
from 1998-2003. There tended to be more nests each year in the river than in the lake (river 
mean = 76.2, SD = 10.7; lake mean = 60.3, SD = 23.4; t = -1.51, DF = 11, P = 0.163) and greater 
interannual variability in the number of nests in the lake than in the river (number of nests across 
single years in the lake ranged from 29-99; river range = 63-94). The parental males from 310 
broods in the lake and 421 broods in the river were included in the study. Those not included 
were missing measurements for one or both of the traits or estimates of the male’s reproductive 
success during the parental care period. The mean and median spawn dates were similar in both 
habitats and fell within the last two weeks of May and the first week of June (Table 3.1). There 
was a tendency for spawning to occur over a greater number of days in the river than the lake, 
but the difference was not significant (river mean = 23.7, SD = 6.2; lake mean = 19.8, SD = 6.6; t 
= -1.03, DF = 10, P = 0.325). Barthel et al. (2008) previously reported that the males that 
spawned in the lake were larger than those that spawned in the river in each year 1998-2003, as 
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is apparent in the means and ranges of total lengths of the males that spawned in the two habitats 
(Table 3.1).  
 
Genetic paternity assignments & reproductive success. 
 The results of the genetic paternity assignments are presented in detail in Chapter 2. 
Briefly, 86% of captured adult male offspring from the 1998-2003 year-classes could be assigned 
to an individual nest-guarding male. There were 165 adult male offspring that could be assigned 
to males that spawned in the lake in years 1998-2003, with the number assigned in single years 
ranging from 19 to 40 (Table 3.1). A total of 314 adult male offspring could be assigned to males 
that spawned in the river, with the number assigned in single years ranging from 21 to 79. More 
of the assigned offspring tended to have hatched in the river than in the lake (mean number in 
lake cohorts = 27.5, SD = 7.8; mean number in river cohorts = 50.8, SD = 21.2; Wilcoxon rank 
sum χ2 = 2.85, DF = 1, P = 0.092) and the males that spawned in the river had sired more adult 
male offspring, on average, than the males that spawned in the lake (lake mean = 0.5, SD = 0.8; 
river mean = 0.7, SD = 1.2; Wilcoxon rank sum χ2 = 4.22, DF = 1, P = 0.040). More than half the 
males that spawned in each habitat did not have any surviving adult male offspring, and the 
proportion trended towards being greater among the males that spawned in the lake than among 
those that spawned in the river (lake = 63.5%; river = 57.5%; χ2 = 2.74, DF = 1, P = 0.098; 
Figure 3.1). The greatest number of adult male offspring sired by an individual male was 4 and 
12 for males that spawned in the lake and river, respectively (Figure 3.1).  
 The ANCOVA results indicated that previous reproductive experience did not influence 
the reproductive success of the males that spawned in the lake (mating success: F1,307 = 0.67, P = 
0.413, N = 310; parental care period success: F1,307 = 2.73, P = 0.100, N = 310; adult male 
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offspring: F1,307 = 0.46, P = 0.498, N = 310) or the river (mating success: F1,418 = 0.26, P = 0.612, 
N = 421; parental care period success: F1,418 = 0.64, P = 0.423, N = 421; adult male offspring: 
F1,418 = 0.40, P = 0.529, N = 421). 
 
Opportunity for selection. 
 The opportunity for selection (i.e., standardized variance in the number of adult male 
offspring sired) was similar for males that nested in the two habitats in the pooled datasets (Table 
3.2). The opportunity for selection was not related to the number of males that spawned during a 
reproductive season (lake: linear regression t5 = 1.59; P = 0.187; river: lin. reg. t5 = 0.23; P = 
0.832) or the number of fry raised to independence (lake: lin. reg. t5 = 1.41; P = 0.232; river: lin. 
reg. t5 = -1.14; P = 0.318). 
 
Selection on male traits. 
 Mating success – In the lake, larger males had greater mating success than smaller males 
and males that spawned during the middle part of the reproductive period had greater mating 
success than early or late spawning males, according to the selection differentials (total selection 
on traits) from the pooled dataset (Table 3.3; Figure 3.2A,D). However, the selection gradients, 
which measure the direct selection on a focal trait by partitioning indirect selection due to 
selection on traits included in the analysis that happen to be correlated with the focal trait, 
indicated that there was direct linear selection on both traits; selection favored both larger males 
and males that spawned earlier in the reproductive period (Table 3.3). Overall, the traits included 
in the pooled analyses explain a moderate portion of the variation in mating success (r
2
 = 0.21). 
For the individual years, male total length was under direct selection in a greater number of years 
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than spawn date (Table 3.5); the selection gradients indicate that larger males were favored in 
three years, while larger and smaller males were favored over intermediate-sized males in 
another year (total length was not found to be correlated to mating success in the other two years; 
Table 3.3). In contrast, spawn date was found to be under direct selection in two years; males 
that spawned earlier in the reproductive period were favored in one year and the males that had 
intermediate spawn dates were favored in a second year (Table 3.3). 
In the river, larger males had greater mating success than smaller males, as indicated by 
the selection differential for the pooled dataset (Table 3.4; Figure 3.3D). The selection gradients 
indicated that direct linear selection on total length favored larger males (Table 3.4). The males 
that spawned earlier in the reproductive period had greater mating success than later spawning 
males, as indicated by the selection differentials from the pooled dataset, however, the selection 
gradients revealed that direct selection on spawn date was actually disruptive and favored the 
males that spawned early and late in the spawning period over those that spawned during the 
middle of the spawning period (Table 3.4; Figure 3.3A). The two traits explained a slightly 
smaller portion of the variation in mating success among males that spawned in the river (r
2
 = 
0.17) than they had for males that spawned in the lake. For the individual years, total length was 
under direct selection in four years (Table 3.5); linear selection favored larger males in three 
years but favored larger and smaller males over intermediate sized males in one other year 
(Table 3.5). There was direct selection on spawn date in two of the years; selection favored 
males that spawned earlier in the spawning period in one year, and males that spawned early and 
late in the spawning period in a second year (Table 3.5).  
 Success through the parental care period – In the lake, larger males raised more fry to 
independence than smaller males, as indicated by the selection differentials for the pooled dataset 
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(Table 3.3; Figure 3.2E). The selection gradients indicated that direct linear selection favored 
larger males (Table 3.3). The selection differentials for spawn date indicated that the males that 
spawned during the middle part of the spawning period raised more offspring to independence 
than males that spawned early or late in the reproductive period (Table 3.3; Figure 3.2B). 
However, the selection gradients indicated that direct linear selection favored the males that 
spawned earlier in the spawning period (Table 3.3). Male traits explained a slightly smaller 
portion of the variance in reproductive success during the parental care period than they had for 
mating success (r
2
 = 0.19). Within individual years, direct linear selection favored larger male 
size in the majority of years (Table 3.5), and there was direct selection on spawn date in only one 
year (stabilizing selection in 2003; Table 3.3).  
 In the river, larger males raised more fry to independence than smaller males, as indicated 
by the selection differentials from the pooled dataset (Table 3.4; Figure 3.3E). The selection 
gradients indicated that direct linear selection favored larger males (Table 3.4). Spawn date was 
not found to be related to the number of fry raised to independence in the pooled dataset for the 
river (Table 3.4; Figure 3.3B). The male traits explained a small portion of the variance in the 
number of fry raised to independence by the males that spawned in the river (r
2
 = 0.04). Neither 
of the traits were related to reproductive success in three of the individual years evaluated (Table 
3.5). Direct linear selection favored larger males in two individual years and males that spawned 
earlier in the reproductive period in a third year (Table 3.5). 
Success through male offspring maturation and first spawning within the study site (adult 
male offspring) – In the lake, larger males sired more of the adult male offspring than smaller 
males, as indicated by the selection differentials (Table 3.3; Figure 3.2F). The selection gradients 
indicated that direct linear selection favored larger males (Table 3.3). Males that spawned earlier 
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had sired more of the adult male offspring than the males that spawned later in the reproductive 
period, according to the selection differentials (Table 3.3; Figure 3.2C), however, the selection 
gradients did not indicate that there was direct selection on spawn date (Table 3.3). The male 
traits included in the study explained a small proportion of the total variance in reproductive 
success at this stage (r
2
 = 0.05). For the individual years, direct linear selection was found to 
have favored larger size in one individual year, and spawn date was not under direct selection in 
any of the years (Table 3.5).  
In the river, males that spawned earlier in the reproductive period had sired more of the 
adult male offspring than the males that spawned later, as indicated by the selection differentials 
(Table 3.4; Figure 3.3C). The selection gradients indicated that direct linear selection favored 
males that spawned earlier in the reproductive period (Table 3.4). Male total length was not 
related to the number of adult male offspring that males sired (Table 3.4; Figure 3.3F). The traits 
explained a small proportion of the total variance in the number of adult male offspring sired (r
2
 
= 0.04). For the individual years, direct linear selection favored earlier spawning in two of the 
years of the study, and medium sized males were favored by direct stabilizing selection in two 
years (Table 3.5). 
 
Male heterozygosity and reproductive success. 
The males that spawned in the lake and river had very similar heterozygosity levels (lake 
mean = 0.723, SD = 0.091; river mean = 0.715, SD = 0.107; t-test = -1.16, DF = 729, P = 0.246). 
Mating success and reproductive success were not found to be correlated to HL for the males that 
spawned in the lake (mating success: Pearson r = 0.09, P = 0.121, N = 310; parental care success 
r = 0.09, P = 0.125, N = 310; adult male offspring r = -0.07, P = 0.232, N = 310) or in the river 
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(mating success: Pearson r = -0.05, P = 0.330, N = 421; parental care success r = -0.07, P = 
0.167, N = 421; adult male offspring r = 0.05, P = 0.321, N = 421).  
 
Discussion. 
 This study has documented that reproductive success was linked to different traits in the 
parental male smallmouth bass that spawned in two contiguous habitats. Larger males sired more 
of the adult male offspring than smaller males in the lake, while the number of adult male 
offspring sired by the males that spawned in the river was not related to their body size. Instead, 
the males that spawned earlier in the reproductive period were found to have sired more adult 
male offspring that those that spawned later in the river. Larger males were predicted to have 
greater reproductive success in both habitats and all three stages due to the fact that mating 
success and the probability of raising broods to independence have been found to be positively 
related to body size in a number of populations (Wiegmann et al. 1992; Baylis et al. 1993; Suski 
and Philipp 2004). In fact, the larger males had greater mating success and raised more fry to 
independence than smaller males in both habitats in the current study. This indicates that the 
largest males that spawned in the river had fewer offspring survive the post-parental care 
juvenile stage than would be expected based on their success during the parental care period. It 
also suggests that these male’s offspring had lower survival rates than the offspring produced by 
smaller males. Parental invest theory predicts that these males would have heavily invested in the 
parental care of their broods due to the fact they were the oldest males spawning within the river 
and therefore would have little expectation of having future reproductive opportunities (Williams 
1966). Larger male smallmouth bass have been shown to have greater endogenous energy stores 
at the start of parental care (Gillooly and Baylis 1999; Mackereth et al. 1999), invested more 
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endogenous energy to parental care (Mackereth et al. 1999), and the amount of energy invested 
into care has been found to have a positive relationship to the number of offspring that survive 
the parental care period (Gillooly and Baylis 1999). Further study is required to determine what 
factors were responsible for the large males that spawned in the river having contributed fewer 
adult offspring than expected based on their estimated reproductive success during the parental 
care period. However, this finding indicates that the presumed links between body size and 
reproductive success in fishes can be much more complex than the relationships between body 
size and fecundity or mating success would suggest. 
 I predicted that there would be negative selection on spawn date at all three stages of 
reproductive success in both habitats. In the lake, selection was found to favor early spawning 
males both in terms of mating success and the number of fry that were raised to independence 
during the parental care period. In the river, selection for mating success was disruptive. It 
favored the males that spawned earlier and later in the reproductive period over the males that 
spawned on intermediate dates. Spawn date was not found to be related to the number of fry 
raised to independence during the parental care period in the river. This result is probably due, in 
large part, to the fact that the events that caused males to fail to raise their broods in the river 
occurred throughout the reproductive period. In terms of adult male offspring, the males that 
spawned earlier in the reproductive period sired more than those that spawned later in both of the 
habitats. In fact, the selection differentials were nearly identical in the two habitats. When the 
covariance between total length and spawn date were taken into consideration, however, spawn 
date was found to be under direct selection in the river habitat but not in the lake. This result 
indicates that the earlier spawning males had sired more of the adult male offspring in the lake 
because they were also the largest males, and body size was more strongly correlated to 
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reproductive success than spawn date in the lake. Selection for large body size in the lake would 
be indirectly selecting for earlier spawn date because larger males spawn earlier. 
 The results of this study suggests that there would be selection for larger body size 
among the males that spawned in the lake and selection for earlier spawn dates among males that 
spawned in the river. However, constraints on trait values and tradeoffs with other life history 
parameters would be expected to limit the response to selection. The earliest day on which male 
smallmouth bass are able to spawn appears to be constrained by water temperatures; smallmouth 
bass reproduction has been documented to begin at water temperatures as low as 12°C, however, 
most activity occurs when temperatures surpass 15°C (Warren 2009). Allometric differences in 
metabolism are believed to strongly influence the date that males spawn within a reproductive 
season. Larger males have been shown to have greater energetic reserves at the end of the winter 
than smaller males, which has been proposed to result in large males having the resources to 
spawn earlier in the reproductive period than small males (which must spend more time feeding 
before they acquire the energetic reserves required for parental care) (Ridgway et al. 1991; 
Mackereth et al. 1999). This suggests that relative spawn date within a reproductive season is 
constrained by body size. The body sizes that males can achieve at a given age are limited by 
short growing seasons and the fact that males must invest energy into reserves in order to survive 
winters near the northern extent of the species range. The fact that most males spawn within a 
single reproductive season in this study system (Barthel et al. 2008) means that males that spawn 
at younger ages are unlikely to survive to spawn at larger body sizes in later reproductive 
seasons. This might result in selection for large body size promoting delayed maturation beyond 
the first age reproduction is physiologically possible. Of course, delayed reproduction is 
expected to increase the odds that an individual faces mortality prior to first reproduction; 
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reflecting the tradeoff between generation time and the advantages of large body size (Stearns 
and Koella 1986). Therefore, the degree to which individuals within this population respond to 
selection on male traits is very likely to be constrained by growth rates, survival rates, and the 
reproductive benefits of larger size and earlier spawning. The relationship between the age at 
which males first reproduce and their lifetime reproductive success is investigated for the males 
that spawned in the lake or the river in Chapter 4. 
Mating success has been found to be related to male body size and spawn date in a 
number of other smallmouth bass populations (Wiegmann et al. 1992; Baylis et al. 1993; Suski 
and Philipp 2004). Prior to this study it was unclear whether the greater mating success of larger 
males that spawned earlier in the reproductive period was due to larger females actively selecting 
large males as mates or the fact that larger males and females are reproductively active early in 
the reproductive period when smaller individuals are energetically constrained from spawning 
(Turner and MacCrimmon 1970; Robbins and MacCrimmon 1977; Ridgway et al. 1991; 
Wiegmann et al. 1992; Baylis et al. 1993). In the current study, both body size and spawn date 
were found to be under direct selection in the pooled datasets in each habitat, however, the 
selection gradients were larger for body size than for spawn date, which suggests that selection 
on body size was stronger. Selection on body size was also detected in more of the individual 
years than selection on spawn date, adding further support for body size being the more 
important trait. It is also worth noting that selection for large body size was more than 1.4 times 
stronger among the males that spawned in the lake than among males that spawned in the river. 
This result indicates that the reproductive advantages of being large were greater in the lake than 
the river from the very start of reproduction when eggs were deposited into nests.  
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 I had predicted that the males that spawned in the lake would produce more offspring, on 
average, than the males that spawned in the river. Males that spawned in the lake did have 
greater mating success (estimated to have had ~600 more eggs deposited in their nests than those 
in the river, on average) and raised more fry to independence (~300 more then the average male 
in river) than the males that spawned in the river. Contrary to my prediction, however, the males 
that spawned in the river were found to have sired more adult male offspring (per capita) than the 
males that spawned in the lake. The only way that the males that spawned in the river could have 
produced more adult male offspring after having fewer eggs in their nests and having raised 
fewer fry to independence is if a greater proportion of the offspring that hatched in the river 
matured and reproduced within the study site than the offspring that hatched in the lake. This is 
likely due, at least in part, to the fact that males that spawn in the lake delay maturation and first 
spawn at older ages than the males that spawn in the river (Barthel et al. 2008). The longer 
period between hatching and reproduction would provide greater opportunity for mortality to 
occur before male offspring spawned for the first time. It could also be due to offspring that 
hatched in the lake experiencing greater juvenile mortality rates than those that hatched in the 
river, however, juvenile survival rates have not been assessed in this system. I also predicted that 
more of the males that spawned in the river would be found to not have sired any offspring. 
Nearly twice as many of the males that spawned in the river failed to raised their broods to 
independence during the parental care period (i.e., parental care success = 0) as the males that 
spawned in the lake. However, very similar proportions of the males that spawned in the river 
and the lake were found not to have sired any adult male offspring, with the proportion trending 
towards being greater in the lake than the river. Taken together, these results indicate that the 
males that spawned in the river ended up having reproductive success equivalent to, if not greater 
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than, the males that spawned in the lake, despite the fact that males that spawned in the river had 
lower mating success and were less successful at raising their broods during the parental care 
period.  
Prior to the current study, the lake appeared to be a superior reproductive habitat to the 
river: males that spawned in the lake received more eggs in their nests and were more likely to 
raise their broods to independence than males that spawned in the river (Barthel et al. 2008). 
Despite the fact that the river appeared to be an inferior reproductive habitat and that there were 
nesting areas available in the lake in most, if not all, years, greater numbers of males were 
consistently found to spawn in the river habitat. Furthermore, a telemetry study documented that 
a considerable number of males and females made annual movements from the lake into the river 
to spawn (and then returned to the lake before the onset of winter), while there were no 
movements detected from the river into the lake (Barthel et al. 2008). The genetic paternity 
assignments have resolved what previously had been enigmatic movement and reproductive 
patterns in the two habitats: first, the current study has documented that more offspring that hatch 
in the river survive to spawn as adult males than those that hatch in the lake. Second, a very high 
proportion (91.3%) of the adult males that were found to have hatched in the river spawned in 
the river. Only 75.7% of the adult males found to have hatched in the lake spawned in the lake 
(see Chapter 2). Together, the facts that (1) there are more males that hatched in the river than 
the lake within the system, (2) most of the males that hatched in river spawn in the river, and (3) 
nearly a quarter of the males that hatched in the lake spawn in the river explains the observation 
that greater numbers of males have spawned in the river than the lake in all but one of the years 
studied to date.  
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This study adds to the growing body of literature documenting that early estimates of the 
relative reproductive success of male fishes does not carry through later bottlenecks in offspring 
survival. The previous studies had been conducted on salmonid species, where the observation 
that male body size determines their proximity to females in dominance contests during 
spawning has led to the assumption that larger males have greater fitness (Keenleyside and 
Dupuis 1988; Quinn and Foote 1994; Dickerson et al. 2002). Genetic paternity studies, however, 
have failed to find a correlation between male body size and relative reproductive success more 
often than not. For instance, Garant et al. (2005) did not find adult male length to be related to 
the number of age-1 or age-2 Atlantic salmon sired by individual males in a single reproductive 
season and Theriault et al. (2007) similarly failed to find a relationship between body size and 
the number of age-1 or age-2 offspring sired by male brook charr in two years. There have been 
a pair of studies on steelhead trout, one failed to find a relationship between male body size and 
the number of age-1 offspring sired (Seamons et al. 2004), however, the other study found that 
male body size was positively related to the number of adult male steelhead in one of the 19 
reproductive years studied as well as when the results of all the years were pooled into a single 
analysis (Seamons et al. 2007). In the current study, larger male smallmouth bass were expected 
to produce more adult male offspring than smaller males due to their having greater reproductive 
success during the parental care period. This expectation was met for the males that spawned in 
the lake habitat, but not for males that spawned in the river. While this study was not able to 
determine what aspects of the habitat or the parental males themselves was responsible for the 
large males that spawned in the river having less reproductive success than expected, the habitat-
specific differences in the traits correlated to reproductive success support the expectation that 
optimal trait values will depend on the environmental context (Fisher 1930; Cole 1954).  
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Tables. 
 
Table 3.1. Summary of the traits exhibited by the male smallmouth bass that were included in the 
study of individual mating success and reproductive success in the lake and river habitats of the 
Mississippi River study site (Ontario, Canada) between 1998 and 2003. The number of adult 
male offspring that were collected from each year-class are also included.  
 
   Spawn dates  Male total length (mm)  Adult 
male 
offspring 
(N) Year Habitat N Mean SD Median 
Range 
(# days)  Mean SD Median Range  
1998 Lake 34 May 18 3 May 19 15  306 62 280 230-455  19 
 River 64 May 17 3 May 18 12  266 42 259 204-411  32 
1999 Lake 53 May 18 4 May 19 18  314 60 301 240-495  33 
 River 58 May 20 5 May 19 24  273 43 270 190-419  51 
2000 Lake 63 May 27 6 May 26 25  321 62 320 215-493  21 
 River 77 June 1 8 May 30 30  276 65 258 192-476  19 
2001 Lake 73 May 22 4 May 21 24  288 43 281 229-430  40 
 River 86 May 26 6 May 25 23  254 42 249 185-394  70 
2002 Lake 28 June 3 3 June 2 10  311 58 297 206-425  27 
 River 69 June 7 6 June 8 27  248 39 235 197-358  79 
2003 Lake 59 May 25 7 May 22 27  311 57 304 217-441  25 
 River 67 May 29 6 May 29 26  275 43 266 193-425  63 
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Table 3.2. Mating success and reproductive success achieved by male smallmouth bass from reproductive years 1998-2003 in the lake 
and river habitats of the Mississippi River study site. The periods included are mating success (the number of eggs estimated to have 
been deposited in a nest, ―MS‖), success during the parental care period (the number of fry that were estimated to have departed a nest 
at the end of parental care period, ―PCS‖), and adult male success (the number of adult male offspring that a male had sired, ―adult 
♂‖). The mean, standard deviation, and coefficient of variation are presented for each period. The maximum number of adult male 
offspring that were sired by an individual male is presented, and the value in the parentheses is the percentage of the total year-class 
that the male with the greatest reproductive success had produced (i.e., maximum number of offspring sired by an individual 
male/total number of offspring in the cohort). The proportion of the total number of males that spawned within each year that had at 
least one offspring alive at the end of the period is included (―RS > 0‖). The total opportunity for selection between mating and the 
time that male offspring first spawned is presented as ―I‖. 
 
  Lake  River 
Period  1998 1999 2000 2001 2002 2003 Pooled  1998 1999 2000 2001 2002 2003 Pooled 
MS Mean 3051 2892 3024 2990 3616 3758 3190  2363 2828 2503 2462 2605 2869 2593 
SD 1201 1379 1506 1378 1345 1503 1437  858 1102 1165 980 1245 1173 1102 
CV 39 48 50 46 37 40 45  36 39 47 40 48 41 43 
                 
PCS Mean 1197 1089 998 1142 1361 1480 1194  863 1074 534 812 868 1119 863 
SD 561 614 701 622 657 645 656  424 488 556 531 657 506 565 
CV 47 56 70 54 48 44 55  49 45 104 65 76 45 65 
RS > 0 0.941 0.943 0.857 0.918 0.929 0.966 0.923  0.906 0.948 0.584 0.814 0.768 0.970 0.822 
                 
Adult ♂ Mean 0.6 0.6 0.3 0.5 1.0 0.4 0.5  0.5 0.9 0.2 0.8 1.1 0.9 0.7 
SD 0.9 0.9 0.6 0.8 0.9 0.7 0.8  0.8 0.9 0.5 1.1 1.9 1.3 1.2 
Median 0 0 0 0 1 0 0  0 1 0 0 0 0 0 
Maximum 3 3 3 4 3 3 4  3 4 2 6 12 6 12 
 (16%) (9%) (14%) (10%) (11%) (12%)   (9%) (8%) (11%) (9%) (15%) (10%)  
CV 150 150 200 160 90 175 160  160 100 250 138 173 144 171 
 RS > 0 0.353 0.415 0.254 0.384 0.607 0.305 0.365  0.375 0.603 0.208 0.453 0.478 0.478 0.425 
                 
 I 2.37 1.91 3.77 2.26 0.98 2.99 2.30  2.29 1.14 4.39 1.97 2.87 1.95 2.66 
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Table 3.3. Directional, quadratic, and bivariate selection differentials and gradients (1 SE) for the 
total length (―TL‖) and the spawn date (―Date‖) of male smallmouth bass that spawned in the 
lake habitat of the Mississippi River study site between 1998 and 2003. These analyses assessed 
how the male traits were correlated to mating success (―MS‖), the number of fry raised to 
independence during the parental care period (―PCS‖), and the number of adult male offspring 
that were sired (―Adult ♂‖) in each individual reproductive year (1998 through 2003) and when 
all six years were pooled (―1998-2003‖). 
 
  Differentials  Gradients 
Period Year Date TL Date
2
 TL
2
  Date TL Date
2
 TL
2
 Date*TL 
MS 1998 -0.004 0.155** 0.182 -0.600  -0.007 0.152*** -0.698 -2.135 -1.307 
  (0.060) (0.070) (0.237) (0.679)  (0.069) (0.080) (0.333) (0.909) (0.510) 
 1999 -0.115*** 0.214* 1.161*** -0.580  -0.051 0.184** 0.760 -0.923 -0.373 
  (0.058) (0.062) (0.336) (0.492)  (0.081) (0.079) (0.414) (0.659) (0.549) 
 2000 -0.119** 0.215* 0.319 1.076  0.135 0.317* 0.691 1.585 0.922 
  (0.059) (0.058) (0.232) (0.464)  (0.102) (0.096) (0.461) (0.892) (0.695) 
 2001 -0.159* 0.195* 0.727** 1.069  -0.076 0.170* 0.318 0.619 -0.641 
  (0.044) (0.054) (0.175) (0.505)  (0.058) (0.057) (0.198) (0.616) (0.557) 
 2002 -0.241* -0.024 -0.922 -0.757  -0.228* -0.107 0.062 -1.926 -1.435 
  (0.066) (0.085) (0.371) (0.806)  (0.076) (0.069) (0.579) (1.048) (0.534) 
 2003 -0.253* 0.248* 0.763** -0.167  -0.122** 0.171* 0.875* 4.275* 2.470* 
  (0.042) (0.041) (0.155) (0.491)  (0.056) (0.055) (0.161) (0.757) (0.385) 
 Pooled -0.145* 0.190* 0.432** 0.104  -0.068** 0.152* 0.204 -0.016 -0.326*** 
  (0.022) (0.024) (0.090) (0.204)  (0.029) (0.029) (0.093) (0.213) (0.090) 
PCS 1998 0.007 0.241** 0.764 0.663  0.042 0.263** 0.142 0.397 -0.395 
  (0.081) (0.088) (0.335) (0.850)  (0.090) (0.010) (0.427) (1.163) (0.653) 
 1999 -0.113 0.314* 1.701** -1.525  0.029 0.331* 1.135 -2.504 -0.383 
  (0.074) (0.074) (0.422) (0.575)  (0.097) (0.094) (0.478) (0.760) (0.626) 
 2000 -0.126 0.292* 0.048 1.949  0.085 0.356** 1.110 4.610*** 2.451 
  (0.091) (0.086) (0.359) (0.679)  (0.152) (0.143) (0.675) (1.308) (1.020) 
 2001 -0.180* 0.240* 0.887** 0.945  -0.095 0.197** 0.182 -0.311 -1.944 
  (0.051) (0.059) (0.209) (0.587)  (0.067) (0.066) (0.226) (0.703) (0.637) 
 2002 -0.232** -0.099 -1.165 -2.362  -0.233*** -0.162 0.352 -2.504 -0.568 
  (0.111) (0.122) (0.655) (1.269)  (0.135) (0.123) (1.056) (1.914) (0.976) 
 2003 -0.276* 0.262* 0.833** -0.433  -0.132** 0.176* 0.946* 4.386* 2.718* 
  (0.045) (0.044) (0.165) (0.509)  (0.058) (0.056) (0.165) (0.774) (0.393) 
 Pooled -0.154* 0.237* 0.546** 0.087  -0.067** 0.199* 0.294 -0.080 -0.305 
  (0.029) (0.031) (0.121) (0.263)  (0.037) (0.037) (0.121) (0.278) (0.117) 
Adult ♂ 1998 -0.190 0.027 0.670 -0.456  -0.127 -0.040 -1.212 -5.190 -4.305 
  (0.258) (0.324) (1.010) (3.150)  (0.317) (0.370) (1.567) (4.272) (2.400) 
 1999 0.163 0.312 -1.266 1.339  0.468*** 0.591** -0.581 5.610 7.700** 
  (0.201) (0.196) (1.036) (1.549)  (0.247) (0.241) (1.167) (1.857) (1.529) 
 2000 -0.372 0.218 -0.387 -2.596  -0.776*** -0.365 -0.146 -1.804 -0.634 
  (0.254) (0.268) (0.937) (2.150)  (0.462) (0.436) (2.121) (4.109) (3.204) 
 2001 -0.131 0.292 -0.869 -4.136  0.000 0.303 -1.342 -3.748 2.326 
  (0.183) (0.191) (0.611) (1.860)  (0.216) (0.214) (0.747) (2.324) (2.104) 
 2002 -0.390** 0.391** 3.682*** -0.958  -0.225 0.314 3.149 -1.232 0.007 
  (0.184) (0.178) (0.982) (1.901)  (0.206) (0.187) (1.592) (2.884) (1.470) 
 2003 -0.458*** 0.616** 0.242 -0.976  -0.035 0.588*** -0.258 4.993 3.547 
  (0.240) (0.232) (0.909) (2.775)  (0.330) (0.322) (1.058) (4.975) (2.530) 
 Pooled -0.223** 0.333* -0.350 -1.449  -0.064 0.295** -0.641 -0.928 0.064 
  (0.093) (0.096) (0.347) (0.827)  (0.118) (0.118) (0.384) (0.882) (0.371) 
*P<0.01, **P<0.05, ***P<0.10 
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Table 3.4. Directional, quadratic, and bivariate selection differentials and gradients (1 SE) for the 
total length (―TL‖) and the spawn date (―Date‖) of male smallmouth bass that spawned in the 
river habitat of the Mississippi River study site between 1998 and 2003. These analyses assessed 
how the male traits were correlated to mating success (―MS‖), the number of fry raised to 
independence during the parental care period (―PCS‖), and the number of adult male offspring 
that were sired (―Adult ♂‖) in each individual reproductive year (1998 through 2003) and when 
all six years were pooled (―1998-2003‖). 
 
  Differentials  Gradients 
Period Year Date TL Date
2
 TL
2
  Date TL Date
2
 TL
2
 Date*TL 
MS 1998 -0.093** 0.071 0.212 0.097  -0.056 0.046 -0.177 0.063 -0.898 
  (0.047) (0.055) (0.161) (0.357)  (0.046) (0.0587) (0.189) (0.392) (0.429) 
 1999 -0.125* 0.176* -0.618** 0.003  -0.046 0.136** -0.970*** 1.721 -0.572 
  (0.041) (0.054) (0.152) (0.489)  (0.043) (0.065) (0.287) (0.595) (0.521) 
 2000 -0.250* 0.314* 0.626** -0.322  -0.158* 0.198* 0.220 1.285 0.450 
  (0.043) (0.059) (0.153) (0.439)  (0.047) (0.065) (0.200) (0.477) (0.265) 
 2001 -0.200* 0.122* -0.635** -0.888  -0.165* 0.041 -0.851** -0.832 -0.785 
  (0.041) (0.042) (0.152) (0.360)  (0.042) (0.041) (0.167) (0.403) (0.252) 
 2002 0.025 0.088 0.051 0.240  0.049 0.101*** -0.613 0.427 -0.493 
  (0.057) (0.057) (0.245) (0.587)  (0.058) (0.059) (0.285) (0.619) (0.297) 
 2003 -0.159* 0.194* 0.176 0.631  -0.100 0.152* -0.364 1.005 -0.807 
  (0.049) (0.046) (0.184) (0.406)  (0.051) (0.050) (0.219) (0.437) (0.297) 
 Pooled -0.138* 0.152* -0.032 0.194  -0.082* 0.111* -0.324** 0.280 -0.249 
  (0.019) (0.021) (0.069) (0.104)  (0.020) (0.023) (0.070) (0.102) (0.089) 
PCS 1998 -0.105 0.086 -0.704 0.003  -0.083 0.048 -0.568 0.757 1.492 
  (0.064) (0.078) (0.249) (0.506)  (0.065) (0.083) (0.259) (0.537) (0.587) 
 1999 -0.116** 0.174** -0.674 0.566  -0.049 0.133 -0.829 2.688*** -0.058 
  (0.052) (0.068) (0.203) (0.619)  (0.055) (0.083) (0.367) (0.761) (0.667) 
 2000 0.306** -0.180 1.117 2.901  0.358*** 0.084 2.965*** 2.816 4.790* 
  (0.141) (0.215) (0.486) (1.586)  (0.181) (0.249) (0.740) (1.761) (0.979) 
 2001 -0.252* 0.137 -0.005 -0.395  -0.270* 0.019 -0.321 0.512 -0.091 
  (0.086) (0.087) (0.346) (0.776)  (0.093) (0.092) (0.391) (0.940) (0.588) 
 2002 0.019 0.253* 0.708 -1.506  0.077 0.269* -0.499 -1.496 -0.738 
  (0.091) (0.086) (0.395) (0.879)  (0.087) (0.089) (0.429) (0.932) (0.447) 
 2003 -0.175* 0.260* 0.362 0.378  -0.086 0.224* -0.178 0.471 -0.911 
  (0.059) (0.053) (0.222) (0.472)  (0.060) (0.059) (0.259) (0.517) (0.352) 
 Pooled -0.054 0.149* 0.142 -0.589  -0.004 0.146* 0.024 -0.589 0.107 
  (0.038) (0.042) (0.139) (0.210)  (0.041) (0.047) (0.145) (0.212) (0.185) 
Adult ♂ 1998 -0.013 0.168 -0.702 -1.376  0.041 0.187 -0.568 -1.143 1.776 
  (0.191) (0.259) (0.738) (1.676)  (0.218) (0.279) (0.906) (1.876) (2.052) 
 1999 -0.118 0.284 -1.763*** -2.667  -0.027 0.261 -2.819 -1.309 -2.934 
  (0.119) (0.178) (0.483) (1.606)  (0.144) (0.218) (0.982) (2.034) (1.782) 
 2000 -0.409*** -0.078 -2.884*** 2.618  -0.841* -0.697*** -0.205 15.210** 6.728** 
  (0.230) (0.370) (0.818) (2.739)  (0.302) (0.416) (1.194) (2.840) (1.578) 
 2001 -0.021 0.037 -1.066 -4.644  -0.044 0.019 -1.962 -7.928** -3.981*** 
  (0.153) (0.164) (0.623) (1.449)  (0.186) (0.185) (0.754) (1.813) (1.135) 
 2002 -0.467** 0.349*** 0.869 -5.647  -0.428** 0.235 0.288 -5.095 0.465 
  (0.197) (0.208) (0.858) (2.142)  (0.209) (0.213) (1.030) (2.239) (1.075) 
 2003 -0.412** 0.244 -0.088 -1.499  -0.375*** 0.086 0.454 0.608 1.440 
  (0.169) (0.171) (0.638) (1.510)  (0.188) (0.185) (0.834) (1.663) (1.139) 
 Pooled -0.233* 0.170*** -1.059*** -0.914  -0.251* 0.050 -1.086*** -0.635 0.349 
  (0.073) (0.089) (0.274) (0.446)  (0.085) (0.100) (0.303) (0.442) (0.385) 
*P<0.01, **P<0.05, ***P<0.10 
 1
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Table 3.5. Summary of statistically significant selection coefficients detected for individual reproductive years in the lake and river 
habitats of the Mississippi River study site (1998-2003). The table shows the number of individual years that had significant results for 
the linear and quadratic regression analyses of the relationship between the traits of male smallmouth bass (the date that each male 
spawned during the parental care period, ―Date‖; male total length, ―TL‖) and mating success or relative reproductive success (―MS‖: 
relative number of eggs estimated to have been deposited in nests; ―PCS‖: relative number of fry males were estimated to have raised 
during the parental care period; ―Adult ♂‖: relative number of adult male offspring sired) in the lake and river habitats of the 
Mississippi River study site from 1998-2003. The number of years that had significant positive linear selection coefficients (―Pos.‖), 
significant negative linear selection coefficients (―Neg.‖), significant stabilizing selection (linear and quadratic coefficients that were 
opposite signs, ―Stab.‖), and significant disruptive selection (linear and quadratic coefficients that were the same sign, ―Disr.‖) are 
listed.  
 
  Differentials  Gradients 
  Date  TL  Date  TL 
  Pos. Neg. Stab. Disr.  Pos. Neg. Stab. Disr.  Pos. Neg. Stab. Disr.  Pos. Neg. Stab. Disr. 
Lake MS 0 2 2 0  5 0 0 0  0 1 1 0  3 0 0 1 
 PCS 0 1 2 0  5 0 0 0  0 0 1 0  4 0 0 1 
 Adult ♂ 0 1 0 0  2 0 0 0  0 0 0 0  1 0 0 0 
River MS 0 2 1 2  4 0 0 0  0 1 0 1  3 0 0 0 
 PCS 1 3 0 0  3 0 0 0  0 1 0 0  2 0 0 0 
 Adult ♂ 0 2 0 0  0 0 0 0  0 2 0 0  0 0 2 0 
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Figures. 
 
Figure 3.1. Histograms showing the proportion (frequency) of paternal male smallmouth bass 
that sired 0-13 adult male offspring in the lake (A) and river (B) habitats of the Mississippi River 
study site (pooled for 1998-2003).  
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Figure 3.2. The relationships between spawn date (A,B,C) or male total length (D,E,F) and the relative reproductive success of male 
smallmouth bass the spawned in the lake habitat of the Mississippi River, Ontario, Canada, 1998-2003. Results are presented for 
mating success (the number of eggs estimated to have been deposited in a nest relative to the mean number for males in that year; 
A,D), success during the parental care period (the number of fry that were estimated to have departed the nest at the end of the 
parental care period relative to the mean number for males in that year; B,E), and success through male maturation and spawning (the 
number of adult male offspring sired relative to the mean number sired by all males in that year; C,F). The solid lines represent the 
running average (10% of neighboring datapoints) of relative reproductive success for each period of offspring development. The 
dotted lines represent the average reproductive success achieved by the males in that habitat (i.e., relative reproductive success = 0). It 
should be noted that the actual trait values are presented in these figures whereas standardized trait values were used for the selection 
coefficient analyses. 
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Figure 3.3. The relationships between spawn date (A,B,C) or male total length (D,E,F) and the relative reproductive success of male 
smallmouth bass the spawned in the river habitat of the Mississippi River, Ontario, Canada, 1998-2003. Results are presented for 
mating success (the number of eggs estimated to have been deposited in a nest relative to the mean number for males in that year; 
A,D), success during the parental care period (the number of fry that were estimated to have departed the nest at the end of the 
parental care period relative to the mean number for males in that year; B,E), and success through male maturation and spawning (the 
number of adult male offspring sired relative to the mean number sired by all males in that year; C,F). The solid lines represent the 
running average (10% of neighboring data points) of relative reproductive success for each period of offspring development. The 
dotted lines represent the average reproductive success achieved by the males in that habitat (i.e., relative reproductive success = 0). It 
should be noted that the actual trait values are presented in these figures whereas standardized trait values were used for the selection 
coefficient analyses. 
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CHAPTER FOUR: THE RELATIONSHIP BETWEEN AGE AT FIRST REPRODUCTION, 
REPRODUCTIVE LIFESPAN, AND LIFETIME REPRODUCTIVE SUCCESS FOR 
SMALLMOUTH BASS SPAWNING IN RIVER VERSUS LAKE HABITATS 
 
Abstract. 
Age-specific differences in fertility rates (i.e., the average number of progeny produced by 
individuals of a particular age) and survival probabilities are expected to be primary 
determinants of the optimal age at which individuals reproduce for the first time. This study has 
measured the lifetime reproductive success of male smallmouth bass that spawned within a 
connected river-lake system to investigate how reproductive lifespan (i.e., the number of 
reproductive seasons in which each male spawned) and the age at which males spawned for the 
first time influenced variation in lifetime reproductive success. A second component of the study 
utilized age-specific fertility rates and post-maturation survival probabilities to estimate how 
lifetime reproductive success would be influenced by different likelihoods that males that delay 
maturation survive to the next reproductive opportunity (i.e., the next year’s spawning season). 
The first component of the study found that the males that first spawned at age-6 in the lake had 
nearly five times the lifetime reproductive success of the males that first spawned at age-4 (the 
youngest age at which the males spawned in the lake) and twice the reproductive success of 
males that first spawned at age-5. Although males that first spawned at ages 5 and 6 had the 
greatest lifetime reproductive success in the river, their success was only 20% greater than the 
males that first spawned at age-4 and twice the success of males that first spawned at age-3. 
Reproductive lifespan was found to have a strong influence on lifetime reproductive success in 
both habitats. There was a trend for the males that first spawned at older ages to spawn in more 
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years than males that first spawned at younger ages in the lake habitat, but not in the river. The 
results from the second component of the study indicated that the likelihood of surviving to the 
subsequent reproductive season would have a profound influence on the relative fitness achieved 
by males that matured at different ages. In the lake, lifetime fitness estimates suggest that males 
that delay maturation at least one year have greater lifetime reproductive success than males that 
spawned at the first age possible (age-3) when 60% or more of the males that delay maturation 
survive to the next reproductive season. In the river, males that first-spawned at age-4 are 
predicted to have greater lifetime reproductive success than the males that spawn at age-3 when 
more than 80% of males that delay maturation survive to the next reproductive season. These 
estimates indicate that delayed maturation is a better strategy than spawning at the youngest ages 
possible under a wider range of conditions in the lake than the river.  
 
Introduction. 
Life history theory predicts that selection will promote maturation at the first age it is 
physiologically possible when costs of reproduction are minimal (Roff 1984). The costs of 
reproducing at the first age possible can take the form of reduced fertility or increased mortality 
relative to individuals that delay maturation to spawn at older ages (Schaffer 1974; Stearns and 
Crandall 1981; Bell 1980). When costs exist, the optimal age at maturity is the age at which 
lifetime reproductive success is maximized, which occurs when the advantages of short 
generation time and the advantages of large body size are balanced (Stearns and Koella 1986). 
When smaller individuals are less able to recoup energy invested into reproduction, they might 
face greater mortality relative to larger individuals (Roff 1982); under this scenario, the survival 
costs of earlier reproduction could promote delayed maturation. Alternatively, high mortality of 
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adults has been shown to promote earlier maturation and greater investment into reproduction 
(Reznick et al. 1990; Hutchings 1993; Reznick et al. 1996; Lester et al. 2004). Fertility is often 
positively related to body size (Kingsolver and Pfennig 2004); larger females have greater 
fecundity, and males often acquire more matings when they are larger (Andersson 1994). In 
these cases, earlier maturation can carry a fertility cost if it prevents individuals from achieving 
the body sizes at which fecundity or mating success is maximized. Ultimately, natural selection 
is expected to favor the patterns of birth, death, and reproduction that result in the greatest 
lifetime reproductive success in a given environment (Cole 1954). In cases where mortality and 
fertility are related to an individual’s age and size, there is potential that optimal life histories 
will be strongly determined by the age at which individuals mature and spawn for the first time.  
Annual reproductive success has been found to be positively related to male size in a 
number of smallmouth bass (Micropterus dolomieu) populations (Wiegmann et al. 1992; Baylis 
et al. 1993; Suski and Philipp 2004). In Chapter 3, the annual reproductive success of male 
smallmouth bass that spawned in the lake section of a connected lake-river system was found to 
be related to body size, whereas the success of males that spawned in the river was not. These 
habitat-specific differences in the relationship between body size and reproductive success 
suggest that there could be a significant fertility cost to spawning at the earliest age possible in 
the lake habitat, while the cost of spawning at younger ages in the river could be much less. The 
analyses in Chapter 3, however, were limited to annual reproductive success. As a result, the 
potential for age-specific survival rates to influence the costs of spawning at different ages were 
not assessed. For instance, although the males that spawned at relatively small sizes in the river 
were found to have a level of annual reproductive success that was very similar to that achieved 
by larger males, their lifetime reproductive success could be significantly less if they faced 
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greater mortality rates and as a result, spawned in fewer years than larger males. Studies 
conducted on two other smallmouth bass populations have shown that smaller males enter the 
reproductive period with lower energy reserves than larger males (Gillooly and Baylis 1999; 
Mackereth et al. 1999). The investment of relatively less energy reserves into parental care been 
proposed to result in reduced post-spawn survival of these small adults relative to larger males 
(Gillooly and Baylis 1999; Mackereth et al. 1999). The reproductive benefits of large size, on the 
other hand, might be significantly reduced if males that first spawn at older ages end up 
spawning in fewer seasons. The true costs and benefits of the different ages at which males first 
reproduce can only be evaluated by considering the potential for trade-offs between the age-
specific fertility and survival. 
In the following chapter I report the results of a long-term study of the reproductive 
success of individually marked male smallmouth that investigated how the age at which males 
spawn for the first time influences their lifetime reproductive success measured at two stages of 
offspring development. First, I have estimated the number of fry that individual males 
successfully raised to independence during the parental care periods in 13 years. Second, genetic 
paternity assignments have been conducted to determine the number of male offspring that each 
male sired that survived to the age at which they were captured defending their own broods 
within the study site. The fact that each parental male has been individually marked upon first 
capture and then recaptured in each subsequent year in which it spawned within the study sites 
means that it is possible to determine the total number of fry that each male has raised to 
independence during their lives and the number of their male offspring that matured and 
spawned within the site. In the first part of this chapter I present analyses that investigate how the 
variance in lifetime reproductive success at both stages of offspring development is related to (1) 
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the age at which males spawned for the first time and (2) the number of reproductive seasons in 
which they spawned (i.e., reproductive lifespan). If, as previously stated, natural selection favors 
the patterns of birth, death, and reproduction that result in the greatest lifetime success in each 
environment, then there should be greater fitness benefits to delayed reproduction in the lake 
than the river because males have been documented to mature at older ages and first spawn at 
older ages in the lake than the river (Barthel et al. 2008). I predict that there will be a positive 
relationship between reproductive lifespan and the lifetime reproductive success of the males that 
spawned in both habitats. 
The costs and benefits of delayed reproduction will be strongly influenced by the 
probability that individuals that do not reproduce at the first age possible survive to spawn in a 
later year. When the probability of survival is low, the reproductive benefits of larger size are 
reduced by the likelihood of dying prior to the next opportunity to reproduce. In the second part 
of the chapter I investigate how the fitness of different maturation schedules would be influenced 
by different pre-spawn survival rates. My approach is to enter the age-specific fertility rates and 
post-spawn survival probabilities exhibited by the males in the system into life tables and then 
estimating how different pre-spawn survival probabilities would influence the lifetime 
reproductive success (i.e., fitness) of males that first spawned at different ages in each of the two 
habitats. The fitness benefits of delayed maturation are predicted to diminish as the pre-spawn 
survival probability decreases, but delayed first reproduction is expected to have greater fitness 
than spawning at the first age possible over a wider range of survival probabilities in the lake 
than the river. 
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Methods. 
Field collections. 
This study was conducted on a segment of the Mississippi River (a tributary of the 
Ottawa River) in Frontenac County, Ontario, Canada (44°56’ N; 76°42’W) that includes both 
riverine and lacustrine habitats. The 1.5 km riverine habitat includes eights pools (mean ± S.D. 
surface area = 1.0 ± 0.6 ha) that are separated by riffles and rapids, ultimately flowing over a 
series of rapids into a 1.75 km long widening and deepening of the river (a lacustrine habitat) 
called Millers Lake (surface area = 45 ha). A previous telemetry study indicated that the riffles 
and rapids did not restrict the movements of adult smallmouth bass within this study site (Barthel 
et al. 2008). Immigration and emigration from upstream reaches is inhibited by a large (>2 m) 
waterfall upstream of the study site. There is also a set of substantial rapids downstream of the 
study site that is expected to challenge upstream dispersal of juveniles during the first year of 
life, but may not be a total impediment to adult movements. None of the adult smallmouth bass 
that were part of the multiyear telemetry study were observed to move out of the study site in 
either direction (Barthel et al. 2008). 
 Smallmouth bass reproductive activity has been monitored each year since 1991 in the 
river section and since 1996 in the lake section of the study site. In each year, snorkelers swam 
the littoral zone three times a week during the reproductive period (generally between mid-May 
and the beginning of July), placed a numbered plastic tag beside each discovered nest, and 
recorded its location on a detailed map. The following information was recorded for each nest: 
nest depth (m); estimated spawn date (based on a well-characterized ontogeny of early 
developmental stages), and male mating success (recorded as a visual estimate of the relative 
number of eggs in the nest, with scores between 1 and 5, 1 being a nest with very few eggs, 3 
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being a nest with an average number of eggs, and 5 being a nest with an exceptionally high 
number of eggs; Kubacki 1992). Subsequent swims searched for new nests and monitored 
previously tagged nests, thereby determining whether each male was successful or not in raising 
its brood: a male was considered successful if its brood developed to the point at which the 
offspring dispersed from the nest into shallow littoral zone structure, had transformed from black 
to green/brown body coloration, and were acting independently of the male (Philipp et al. 1997). 
I believe that the clarity of the water, frequency and veracity of the snorkeling surveys, and the 
fact that smallmouth bass rarely nest at depths greater than 2 m in this system resulted in 
virtually all of the nests being found each year. 
 From 1996 to 2009, after each nest was located, the attending parental male was captured 
using hook-and-line angling. The total length of each male was measured to the nearest mm, and 
scales were collected from the area posterior to the dorsal fin and below the lateral line to 
determine the age of each male using the annuli, following the methods of Barthel et al. (2008). 
The year in which each male had hatched (i.e., its year-class) was determined from the fish’s age. 
In addition, a small piece of caudal fin was collected from each male and stored in 95% ethanol 
for DNA extraction. A passive integrated transponder (PIT) tag was injected into the peritoneal 
cavity of each new male so that individual males could be identified when they spawned in 
multiple years and were, therefore, recaptured. The sampling and handling process took less than 
one minute, after which the males were released directly adjacent to their nests (<10 m). This 
mild handling allowed them to return quickly to their nests and resume parental care. 
Abandonment of broods as a result of this handling was extremely low. 
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Molecular methods. 
DNA was extracted using the same procedure described in Chapter 2. Electrophoresis 
was conducted using the same techniques and the same 16 polymorphic microsatellite loci 
presented in Chapter 2. 
 MICRO-CHECKER version 2.2 (Van Oosterhout et al. 2004) was used to evaluate if null 
alleles were present at any loci. Tests of linkage disequilibrium between loci were performed via 
the Markov chain algorithm in GENEPOP version 4.0 (10,000 permutations, Raymond and 
Rousset 1995). 
 
Genetic paternity assignments. 
 I assessed which nest-guarding male smallmouth bass that spawned during the years 
1998-2003 was most likely to have sired each adult male offspring from those six year-classes 
(1998-2003) that spawned in the system from 2001 to 2009. For this analysis, I used the 
likelihood methods employed by the paternity software CERVUS (Kalinowski et al. 2007). The 
paternity assignment methods are presented in detail in Chapter 2. Briefly, for each captured 
offspring, CERVUS compared the likelihood that each candidate parent was the true parent vs. 
the likelihood that each candidate parent was not the true parent, and only assigned parentage to 
a male when the likelihood of its parentage exceeded the pre-determined level of statistical 
confidence (assignments were conducted at relaxed and strict confidence levels, which were set 
at 80% and 95% statistical confidence in the accuracy of the assignments, respectively). 
Offspring were not assigned if none of the candidate males had a high likelihood of paternity, or 
if two or more males had similar likelihoods. 
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Lifetime reproductive success determinations. 
I estimated the lifetime reproductive success of each individual male that spawned for the 
first time in 1998 or 1999 by summing, through all the reproductive years in which they 
spawned, the number of offspring they produced at each of the two stages of offspring 
development (i.e., as fry at the end of parental care and as mature adult males on nests). I also 
calculated the relative lifetime reproductive success of each male (i.e., the number of successful 
offspring produced by each individual male divided by the average number of offspring 
produced by all of the males in the same habitat that were included in the lifetime reproductive 
success study).  
Reproductive success during the parental care period – Because it was not possible to 
directly count the number of fry that departed individual nests, to estimate reproductive success 
during the parental care period in this study, I used the average number of fry that were reported 
by Kubacki (1992) to depart nests with each level of mating success; i.e., males with MS level 1 
had an average of ~300 fry depart their nest at the end of the parental care period, males with MS 
level 2 had ~700 fry depart the nests, MS level 3 had ~1200 fry depart the nest, MS level 4 had ~ 
1800 fry depart the nest, and MS level 5 had ~2500 fry depart the nest.  
Adult male offspring success – The number of adult male offspring sired by each male 
smallmouth bass was determined from genetic paternity assignments on all of the nesting males 
captured during each spawning season. Based on the clarity of the water, frequency and veracity 
of the snorkeling surveys, and the fact that smallmouth bass rarely nest at depths greater than 2 m 
in this system I believe that virtually all of the nesting males that received eggs were captured in 
each year. 
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 The opportunity for selection (I) was calculated by dividing the variance in male 
reproductive success within a habitat by the squared mean reproductive success of males within 
that habitat (Arnold and Wade 1984).  
 I applied the regression methods of Arnold and Wade (1984) to investigate how variance 
in lifetime reproductive success was related to the age at which males first spawned as well as to 
the number of years in which they had spawned (i.e., reproductive lifespan). The two factors 
included in the analysis, male age at first spawn (yrs) and reproductive lifespan (the number of 
years in which a male spawned), were standardized by subtracting the mean value observed for 
all the males that spawned in the same habitat from each individual male’s trait value and then 
dividing by the standard deviation observed for all the males that spawned in the same habitat. I 
used the trait values relative to the mean for all the males that spawned in the same habitat to 
calculate the quadratic and cross product terms, which were then standardized to a mean of zero 
and standard deviation of one. Separate analyses were conducted for assessments of lifetime 
reproductive success assessments completed at the two stages of offspring development. (i.e., 
individual reproductive success was the estimated number of fry successfully raised to success 
during the parental care period and adult male offspring success was the number of individual 
adult male offspring that each male sired). 
 I used four sets of regressions to generate selection coefficients. First, selection 
differentials (total selection) were the regression coefficients of simple linear regressions of the 
standardized trait values against relative reproductive success. Second, selection gradients (direct 
selection) on each of the two focal traits (i.e., age at first reproduction and reproductive lifespan) 
were the partial regression coefficients for each trait from a multiple regression that included 
both traits. Third, quadratic selection differentials were two times the partial regression 
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coefficient of the squared term in the multiple regressions that included both the trait and its 
squared value. Fourth, selection gradients of the quadratic and cross-product terms were 
calculated as two times the partial regression coefficients of the squared term and cross-product 
term from multiple regressions including both traits, their squared values, and the cross-product 
term.   
 
Investigating how pre-spawn survival probabilities impact the fitness of males that first spawn at 
different ages. 
 I estimated the lifetime reproductive success achieved by males that first spawned at ages 
3-7 in the lake or the river habitat under six different pre-spawn survival probabilities. I selected 
pre-spawn survival probabilities from 1.0 (all males that delayed first spawning survived to the 
following reproductive season) to 0.5 (half the males the delayed first spawning survived to the 
following reproductive season) that differed by 0.1 increments.  
The estimates of lifetime reproductive success were calculated by constructing life tables 
from the hypothetical pre-spawn survival probabilities together with the post-spawn survival 
rates and age-specific fertility rates of the males that spawned in the lake or the river between 
1998 and 2003. I chose to use the data for individuals that spawned between 1998 and 2003 
rather than the two year period during which the lifetime reproductive success determinations 
were conducted because the longer term dataset had larger sample sizes that I expect would be 
less influenced by sampling error. The age-specific fertility rates entered into the life tables were 
the average number of adult male offspring that were sired by the males that spawned at each age 
in the river or the lake between 1998 and 2003. The survival rates were based on the 
reproductive lifespans of the males that first spawned at each age (i.e., from ages 3-7) between 
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1998 and 2003. For example, there were 60 males that first spawned at age-4 in the lake between 
1998 and 2003. Of these males, 13 spawned a second time at age-5, six males spawned for a 
third time at age-6, and a single male survived to spawn at ages 7 and 8. As a result, for males 
that first spawned at age-4 in the lake, the post-spawn survival rate from age-4 to age-5 was 
0.217 (13/60), the survival rate from age-5 to age-6 was 0.462 (6/13), survival rate from age-6 to 
age-7 was 0.167 (1/6), the survival rate from age-7 to age-8 was 1.0 (1/1). None of these males 
were observed to spawn at age-9 or older, so the survival rate from age-8 to age-9 was 0. I used 
this approach to estimate the post-spawn survival rates for males that first spawned at each age 
from 3 to 7 separately for the lake and the river.  
The probability that a male survived to age-3 was set at 1.0 for all ages at which males 
first spawned because the objective was to compare the relative fitness of males that first 
spawned at different ages. The probability that a male would survive to each age older than age-3 
was calculated by multiplying the probability that a male had survived to the previous age and 
the probability that it would have survived during the prior year. Returning to the example of the 
males that first spawned at age-4 in the lake, for the estimates of fitness when pre-spawn survival 
probabilities were 0.9, the probability that any of these males survived to age-4 was the product 
of the probability of their having survived to age-3 (1.0) and the probability they survived from 
age-3 to age-4 (0.9). The probability that males that first spawned at age-4 in the lake had 
survived to age-4, therefore, was 0.9 (1.0 × 0.9 = 0.9) when the pre-spawn survival probability 
was 0.9. The probability that these males would survive to age-5 was the product of the 
probability of survival to age-4 (0.9) and the probability that they survived from age-4 to age-5. 
In this case the post-spawn survival rate was used as the probability that they had survived the 
subsequent year (the post-spawn rate for the males that first spawned at age-4 in the lake 
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between 1998 and 2003 was 0.217 between age-4 and age-5), so the probability that males that 
first spawned at age-4 survived to age-5 was 0.195 (0.9 × 0.217 = 0.195) when the pre-spawn 
survival probability was 0.9.  
Once the age-specific fertility rates and survival probabilities had been entered into the 
life tables, the age-specific fitness for males that first spawned at each age was simply the 
product of the age-specific fertility and the probability that they survived to that age. The lifetime 
fitness was the sum of the annual fitness at each age.  
All tests were conducted using JMP 4.0.4 (SAS Inc., Cary, NC, U.S.A.). 
 
Results. 
Genetic paternity assignments & reproductive success. 
 The results of the genetic paternity assignments are presented in detail in Chapter 2. 
Briefly, 86% of captured adult male offspring from the 1998-2003 year-classes could be assigned 
to a single nest-guarding male. There were 165 adult male offspring assigned to males that 
spawned in the lake in years 1998-2003. The annual number of adult male offspring that hatched 
in the lake ranged from 19 to 40. Similarly, a total of 314 adult male offspring were assigned to 
males that spawned in the river during this time. The annual number of adult male offspring that 
hatched in the river ranged from 21 to 79.   
 
Male lifetime reproductive success 1998-1999. 
There were 57 and 83 male smallmouth bass that spawned in the lake and river, 
respectively, for the first time in 1998 and 1999 that were included in the analyses of lifetime 
reproductive success. All of these males spawned for the final time within the study site in 2003 
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or earlier, with the exception of a single male that spawned the last time in 2005. This male’s 
lifetime reproductive success determination may be incomplete due to the fact that most males 
mature and first spawn between the ages 3-7 in this study system (Barthel et al. 2008), which 
means that there is a potential for adult male offspring of the male that spawned in 2005 to 
spawn in years 2010-2012. Although it is possible that this male’s lifetime reproductive success 
will be greater than what has been determined through 2009, its lifetime reproductive success is 
already in the 75
th
 percentile of males that spawned in the lake; therefore I feel it is appropriate 
to include this male in the analyses. 
The males included in the analysis of lifetime reproductive success in the lake spawned 
for the first time at ages 4-7, and the greatest proportion was age-5 (Table 4.1). The age at first 
spawn distribution was shifted to younger ages in the river, with ages that ranged from 3-6, but 
most males were age-4 when they first spawned (Table 4.1). Males that spawned in the lake had 
longer reproductive lifespans than those that spawned in the river (lake mean = 1.9, SD = 1.26; 
river mean = 1.3, SD = 0.65; Wilcoxon rank-sum χ2 = 11.57, DF = 1, P = 0.001). The maximum 
number of reproductive years in which an individual smallmouth bass spawned was seven in the 
lake and four in the river (Figure 4.1). Age at first spawn was not found to have a significant 
influence on the number of reproductive seasons in which males spawned in either habitat (lake: 
Kruskal-Wallis χ2 = 5.00, DF = 3, P = 0.172; river: χ2 = 1.61, DF = 3, P = 0.658). However, the 
low sample sizes are likely to have limited the power to resolve biologically significant 
differences in the lake. For instance, fish that spawned first at age-6 in the lake had twice the 
mean and median reproductive lifespan of the fish that spawned first at age-4 (Table 4.1). The 
fact that the mean and median numbers of reproductive seasons were similar for the groups that 
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first spawned at different ages in the river suggests that there is little relationship in the river 
between reproductive lifespan and age at first maturation (Table 4.1). 
Reproductive success during the parental care period – The males that spawned in the 
lake produced nearly twice as many of fry during their lives as the males that spawned in the 
river (lake mean = 2298, SD = 2121, median = 1600, maximum = 9100; river mean = 1159, SD 
= 748, median = 1200, maximum = 3700; Wilcoxon rank sum χ2 = 10.51, DF = 1, P = 0.001). On 
average, the males that first spawned at age-6 raised the greatest number of fry during their 
lifetimes in the lake (Table 4.1; Figure 4.2). Males that first spawned at age-7 raised 74% as 
many fry as males that first spawned age-6, but 25% more fry than the average male that 
spawned in the lake (Table 4.1; Figure 4.2). Males that first spawned at age-5 raised 
approximately average numbers of fry, and the males that first spawned at age-4 produced half as 
many fry as the average males that spawned in the lake (Table 4.1; Figure 4.2). In the river, 
males that first spawned at age-6 raised ~20% more fry during their lives than the average male 
(Table 4.1; Figure 4.2). The males that first spawned at ages 4 and 5 raised approximately 
average number of fry during their lives, while the males that first spawned at age-3 raised only 
75% of the average number of fry in the river (Table 4.1; Figure 4.2). 
Adult male offspring success – The number of adult male offspring that individual 
parental males were determined to have sired throughout their lives was correlated to the number 
of fry that they had raised during the parental care periods of the years in which they had 
spawned (lake: r = 0.49, P =<0.001; river: r = 0.37, P = 0.001). The parental males that were 
included in the study of lifetime reproductive success in the lake sired 65 adult male offspring 
throughout their lives and the males that spawned in the river sired 71 adult male offspring 
during their lives. The average number of adult male offspring sired by the males that spawned 
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in the lake versus the river were statistically similar (lake mean = 1.1, SD = 1.42, median = 1, 
maximum = 6; river mean = 0.9, SD = 1.04, median = 1, maximum = 5; Wilcoxon rank sum χ2 = 
0.47, DF = 1, P = 0.491). The proportions of males that had not sired any adult male offspring 
during their lives was also similar in the two habitats (lake = 49.1%; river = 43.4%; χ2 = 0.45; DF 
=1; P = 0.502; Figure 4.3). The greatest number of adult male offspring that were sired by any 
single male was 6 and 5 for males that spawned in the lake and river, respectively (Figure 4.3). A 
greater proportion of the males that spawned in the river sired a single offspring compared to 
males that spawned in the lake (lake = 14.0%; river = 39.8%; χ2 = 10.80; DF = 1; P = 0.001).  
In the lake, males that first spawned at age-6 were the most successful in terms of the 
average number of adult male offspring that they had sired during their lives (Table 4.1). On 
average, males that first spawned at age-6 had nearly five times the lifetime reproductive success 
at the adult male offspring stage as the males that first spawned at age-4, and nearly twice the 
success of the males that first spawned at age-5 and age-7 (Table 4.1; Figure 4.2). The males that 
first spawned at age-5 and age-7 had approximately average success in terms of numbers of adult 
male offspring (Table 4.1; Figure 4.2). The males that first spawned at age-4 had 41% of the 
reproductive success of the average male in the lake (Table 4.1; Figure 4.2).  
In the river, the differences in the lifetime reproductive success achieved by males that 
first spawned at different ages were not as variable as what was observed in the lake (Figure 4.2). 
The males that first spawned at age-3 had slightly less than two-thirds of the reproductive 
success of the average male that spawned in the river, however, the median reproductive success 
was the same for all the age-at-first spawn groups in the river (Table 4.1; Figure 4.2). Males that 
first spawned at age-4 had approximately average reproductive success and those that delayed 
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maturation and first spawned at ages 5 and 6 produced 17% more adult male offspring than the 
average male that spawned within the river (Table 4.1; Figure 4.2).  
The opportunity for selection, based on adult male offspring was 1.55 for males that 
spawned in the lake and 1.47 for the males that spawned in the river, indicating that the variance 
in lifetime reproductive success was similar for the males that spawned in the two habitats. 
 In the lake, the males that were older when they reproduced for the first time and 
spawned in more reproductive seasons (i.e., had longer reproductive lifespans) had produced 
more fry during their lives that males that spawned at younger ages and had shorter reproductive 
lifespans, as indicated by the selection differentials (Table 4.2; Figure 4.4A). The selection 
gradients indicated that direct linear selection favored males that first spawned at older ages and 
males that spawned in more reproductive seasons (Table 4.2). Males that first spawned at older 
ages and spawned in more reproductive seasons also sired more adult male offspring in the lake, 
as indicated by the selection differentials (Table 4.2; Figure 4.4B). The selection gradients, 
however, indicated that there was direct linear selection on reproductive lifespan, but not on age 
at first reproduction (Table 4.2). 
In the river, males that spawned in more reproductive seasons raised more fry during the 
parental care period and sired more adult male offspring, as indicated by the selection 
differentials (Table 4.2; Figure 4.4C,D). The age at which males spawned for the first time was 
not found to be related to lifetime reproductive success in the river (Table 4.2). The selection 
gradients indicated that direct linear selection favored males that spawned in more reproductive 
seasons (Table 4.2).  
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Investigating how pre-spawn survival rates impact the fitness of males that first spawn at 
different ages. 
Age at first reproduction and reproductive lifespan (1998-2003) - There were 165 males that 
reproduced in the lake and 248 males that reproduced in the river that spawned for the first time 
between 1998 and 2003 and completed their reproductive lives during the course of this study 
(i.e., had stopped spawning at some point prior to 2009, presumably because they had died). I 
used the reproductive lifespans of these males to estimate the post-spawn survival probabilities 
that were used in the life table analyses. The males that spawned in the lake had very similar 
reproductive lifespans to the males that spawned in the river (lake mean = 1.6, SD = 1.1, median 
= 1, maximum = 7; river mean = 1.5, SD = 0.9, median = 1, maximum = 6; Wilcoxon rank-sum 
χ2 = 0.13, DF = 1, P = 0.722). This result differs from what was found for the males that were 
included in the study of lifetime reproductive success; the males that spawned in the lake had 
significantly longer reproductive lifespans, on average, than the males that spawned in the river. 
Obviously, since the males included in the study of lifetime reproductive success had first 
spawned in 1998 and 1999, they were also included in the sample of males that first spawned 
from 1998 to 2003. The fact that the 1998-2003 dataset had records for three times as many 
males as the 1998 and 1999 dataset means that the analyses conducted on the larger dataset 
should provide results that better represent the population’s true parameters. Similar proportions 
of males that first spawned between 1998 and 2003 were found to have spawned in a single year 
in the two habitats (lake = 68.5%, river = 68.9%). In the lake, age at first spawn was not found to 
be related to reproductive lifespan (Kruskal-Wallis χ2 = 1.29, DF = 4, P = 0.863; Table 4.3). 
However, there was a trend for males that first spawned at older ages to have longer reproductive 
lifespans. No such trend was observed in the river (χ2 = 3.88, DF = 4, P = 0.423; Table 4.3). 
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Age at first spawn and annual reproductive success (1998-2003) – I estimated the age-specific 
fertility rates (i.e., to be used in the life table analyses) by determining the annual reproductive 
success of the same group of males that I used to estimate the post-spawn survival probabilities 
in the previous section. The males that first spawned in the river between 1998 and 2003 had 
more adult male offspring spawn within the study site than did males that spawned in the lake 
(lake mean = 0.5, SD = 0.8; river mean = 0.8, SD = 1.3; Wilcoxon rank sum χ2 = 6.05, DF = 1, P 
= 0.014). Age had a significant influence on the reproductive success of the males that spawned 
in the lake (Kruskal-Wallis χ2 = 24.59, DF = 8, P = 0.002; Table 4.4) but not the river (χ2 = 8.85, 
DF = 6, P = 0.183; Table 4.4).  
 
Relating pre-spawn survival probability to lifetime reproductive success - I used the age-specific 
fertility and post-spawn survival rates from the 1998-2003 dataset to estimate the mean number 
of adult male offspring that would be produced by males that first spawned at different ages 
when pre-spawn survival probabilities varied from 50-100% (i.e., the probability that males that 
delayed first spawning survived to the next years reproductive season). The life tables are 
presented in Table 4.5. The fitness estimates suggest that males that delayed maturation to first 
spawn at age-7 in the lake would have greater lifetime reproductive success (fitness) than males 
that spawned at younger ages when 80% or more of males that delayed maturation survived to 
the following year (Figure 4.5A). Spawning for the first time at age-5 would be the strategy with 
the highest projected fitness when pre-spawn survival rates were between 60 and 80% (Figure 
4.5A). Reproducing for the first time at age-4 would be the best strategy if survival rates were 
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~60% (Figure 4.5A). When fewer than 60% of individuals that delay reproduction survive to the 
following year, there would be no fitness benefit to delayed maturation in the lake (Figure 4.5A).  
The results for the river suggest that spawning for the first time at age-6 or age-7 is never 
the best strategy (Figure 4.5B). Spawning for the first time at age-5 was the strategy with the 
highest projected fitness when survival rates were >80% (Figure 4.5B). Spawning for the first 
time at age-4 would be the best strategy when survival rates were approximately 80% (Figure 
4.5B). When survival rates were <80% there was no cost to spawning at the first age possible in 
the river (Figure 4.5B).  
 
Discussion. 
This study has documented that there are different relationships between age at first 
reproduction and lifetime reproductive success for males that spawned in the lake habitat versus 
those that spawned in the river. In the lake, selection differentials indicated that there was a 
positive relationship between age at first reproduction and the number of offspring that parental 
male smallmouth bass produced during their lifetimes. The males that first spawned at age-6 
appeared to produce the greatest number of offspring; these males produced more than 1.5 times 
the fry and nearly twice the number of adult male offspring compared to the average male that 
spawned in the lake. In contrast, the males that first spawned at each of the ages 4-6 in the river 
produced very similar numbers of fry and adult male offspring during their lifetimes, and males 
that spawned at age-3 had approximately two-thirds of the lifetime reproductive success of the 
males that delayed maturation to older ages. The fertility rates were similar for males of all ages 
in the river, which suggests that fertility costs of reproducing at age-3 were moderate. In contrast, 
there were significant differences in the age-specific fertility rates among the males that spawned 
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in the lake, with the males that spawned at ages 3 and 4 producing relatively few offspring 
compared to older males. These analyses did not detect a survival cost to spawning at the first 
age possible in the river; males that first spawned at age-3 had very similar reproductive 
lifespans compared to the males that first spawned at older ages. There was a trend for males that 
delayed maturation beyond the first age possible to have longer reproductive lifespans in the 
lake, although the relationship was not statistically significant. Taken together, the fertility rates, 
survival rates, and the lifetime reproductive success results suggest that there are considerable 
costs of reproducing at the first age possible in the lake, but they are much less for males that 
spawn in the river.  
As previously acknowledged, the survival costs of delaying maturation were not fully 
considered in the assessment of the lifetime reproductive success achieved by the males that first 
spawned at different ages in the lake and the river. The potential for delayed reproduction to 
result in reduced reproductive lifespan (i.e., effects on male survival after they had spawned) was 
incorporated in the analyses, but the influence of mortality that occurred prior to individuals 
spawning for the first time was not because males were not captured until they had spawned for 
the first time, and therefore I did not know how many males had died during the period that they 
had delayed maturation. Parental care has been shown to be energetically expensive for males in 
other populations (Gillooly and Baylis 1999; Mackereth et al. 1999), and the energy invested into 
the extensive parental care provided by male smallmouth bass is expected to result in the post-
spawn mortality rates being considerably greater than the pre-spawn mortality rates at the same 
age. Even so, some proportion of males that delayed maturation died before there was an 
opportunity to capture them. The life table results confirmed that pre-spawn mortality could have 
a profound influence on the optimal age at first reproduction. The lifetime reproductive success 
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estimates indicated that individuals that spawned at the first age possible would have greater 
fitness than those that delayed reproduction in the lake if fewer than 60% of males that delay 
reproduction survived to the following year. In the river, males that spawned at age-3 would 
have the greatest fitness than males that delayed reproduction when survival rates were less than 
80%. Spawning for the first time at age-7 would be favored when 90% or more of individuals 
that delayed reproduction survive to the following year in the lake. In contrast, delaying 
maturation beyond age-5 would never be the best strategy for maximizing fitness in the river 
under the age-specific fertility rates and survival probabilities that were estimated. The fact that 
delayed maturation was predicted to be a better strategy than spawning at the youngest age 
possible under a wider range of conditions in the lake than the river confirms that delayed 
reproduction has greater fitness benefits for males that spawn in the lake habitat than those that 
spawn in the river. 
The concept of maturation reaction norms have been useful in explaining variation in the 
ages at which individuals reproduce for the first time within populations (Stearns and Koella 
1986). A population’s maturation reaction norm is the minimal size that an individual must 
achieve before it breeds for the first time, and inter-individual variation in growth rates have 
been shown to result in different individuals reaching the maturation reaction norm at different 
times, with the fastest growing individuals maturing at the youngest ages (Stearns and Koella 
1986). Studies conducted on two lacustrine smallmouth bass populations have documented that 
the fastest growing members of cohorts spawned at the youngest ages (Raffetto et al. 1990; 
Dunlop et al. 2005). In the current study, differences in the growth rates of individuals inhabiting 
the river versus the lake would provide a plausible explanation for the fact that males spawn for 
the first time at older ages in the lake than the males that spawn in the river (i.e., slower growth 
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rates for males that spawned in the lake could result in their reaching the reaction norm at older 
ages than the males that spawned in the river). Previous work on this study system, however, has 
shown that growth rates did not differ for the males that spawned in the lake and the river 
(Barthel et al. 2008). The fact that the growth rates for males in the two habitats were statistically 
similar suggests that the differences in the ages at which individuals spawn for the first time is 
due to either more limited mating opportunities in the lake than the river (which could result in 
smaller males being unable to acquire a mate and spawn) or different maturation reactions norms 
for the males that spawn in the lake versus the river. To the first possibility, information on the 
number of mature females present within the system is lacking and, therefore, it is not possible to 
calculate sex ratios or evaluate how female abundance is related to the number of males that 
attempt to spawn in a year. Although males are rarely, if ever, observed at nests that do not have 
eggs (i.e., there is no evidence of males not being able to find mates), that in itself does not 
provide insight into whether a greater number of males would attempt to spawn if there were a 
greater number of mature females in the system. If, on the other hand, the different ages at first 
spawn result from there being different maturation reaction norms in the two habitats, then the 
maturation reaction norm for the males that spawn in the lake would be shifted to larger sizes 
than the reaction norm for males that spawn in the river. I expect that such a shift would 
represent an adaptive response to the differences in the survival and fertility costs of first 
spawning at different ages in the river versus the lake that have been documented by this study.  
The lifetime reproductive success determinations in this study support the adaptive 
explanation for the differences in age at first spawn patterns. That is, if natural selection is 
expected to favor the patterns of birth, death, and reproduction that maximize lifetime 
reproductive success within an environment (Cole 1954; Roff 2002), then more males should be 
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observed to mature and first spawn at the age (or ages) that are estimated to result in the greatest 
lifetime reproductive success than ages that are predicted to have lesser fitness. This study has 
shown that males that delayed maturation to first spawn at age-6 had the greatest lifetime 
reproductive success in the lake whereas males that first spawned at ages 4-6 had similar levels 
of lifetime reproductive success in the river. Therefore, the fact that males have been observed to 
consistently delay maturation and first spawn at older ages in the lake than the river (Barthel et 
al. 2008) suggests that selection has promoted maturation schedules that produced the greatest 
fitness in each of the habitats. Low-moderate genetic differentiation has been documented 
between the groups of males that spawned in the lake versus the river across a series of years 
(Chapter 5). However, finding that life history divergence is associated with genetic 
differentiation does not prove that the differences in age at first reproduction patterns have a 
genetic basis. Future work examining the relationship between the ages at which parents and 
offspring spawned for the first time will provide insight into the extent to which maturation has a 
heritable basis.  
 This study has found that the number of seasons in which male smallmouth bass spawned 
had a greater influence on the number of offspring that they produced during their lives than the 
age at which they spawned for the first time. The selection gradients suggest that there would be 
strong positive selection for longer reproductive lifespan for the males that spawned in each 
habitat. Unlike morphological traits, however, selection cannot act directly on reproductive 
lifespan. Instead it would need to act on the traits that influence male survival following 
reproduction or, if lifespan was related to age at first reproduction, promote males to spawn for 
the first time at the age at which reproductive lifespan was maximized. The sources of mortality 
for adult male smallmouth bass within the system are unknown, which means I cannot speculate 
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on what might constitute adaptive response to post-spawn mortality. There was a trend for males 
that first spawned at older ages in the lake to have longer reproductive lifespans than males that 
spawned at age-3; this suggests that selection could indirectly promote males to have longer 
reproductive lifespans by leading males that spawned in the lake to delay first reproduction to 
older ages. In contrast, the fact that reproductive lifespan was not related to the age at which 
males first spawned in the river means that selection on age at first reproduction would not 
promote longer reproductive lifespans in that habitat.  
I propose that the fact that a greater proportion of the offspring that hatched in the river 
matured and spawned within the system than did the offspring that hatched in the lake is likely to 
have played a significant role in promoting the differences in the male maturation patterns 
between the two habitats. In Chapter 3 I documented that males that spawned in the lake raised 
more fry to independence that the males that spawned in the river. However, the males that 
spawned in the river had a greater number of adult male offspring spawn within the system. In 
the current study, males that spawned in the lake raised nearly twice as many fry during the 
parental care periods of their lives than the males that spawned in the river, but they were found 
to have sired statistically similar numbers of adult male offspring. This might be due to 
differences in juvenile mortality rates in the lake and river or the fact that males delay maturation 
to first spawn at older ages in the lake than the river, and therefore have a longer period over 
which mortality could occur prior to firs reproduction. Whatever the cause, the lower offspring 
survival in the lake means that males that spawn in the lake need to raise more offspring to 
independence to have the same probability of having one or more of their offspring survive to 
adulthood as the males that spawned in the river. That being the case, surviving to spawn in more 
then one reproductive season has a greater effect on whether the males that spawn in the lake 
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produce offspring that survive to adulthood than it does for males that spawn in the river. Future 
work is required to determine what features of the two habitats are responsible for the differences 
in offspring survival, but these differences could play a large role in promoting the different 
relationships between male body size and reproductive success, and ultimately with the optimal 
ages for males to spawn for the first time within the study site. 
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Tables. 
 
Table 4.1. The lifetime reproductive success of male smallmouth bass that first spawned at ages 
3-7 in lake and river habitats in 1998 or 1999. The number (―N‖) and proportion (―Prop.‖) of 
males that first spawned at each age in each habitat are presented along with the mean, median, 
and maximum number of years in which individuals reproduced (―Lifespan‖). The mean, 
standard deviation, median, and maximum number of fry that were raised to independence 
during the parental care period (―PCS‖) and adult male offspring that were sired (―Adult ♂‖) by 
the males that first reproduced at each age in each habitat are presented. Lifetime reproductive 
success of the group of males that first spawned at each age is also presented relative to the 
average lifetime reproductive success of all the males that spawned within that habitat (―Rel. 
RS‖). 
 
  Lake: Age at first spawn  River: Age at first spawn 
  3 4 5 6 7  3 4 5 6 7 
 N 0 15 26 8 8  11 39 29 4 0 
 Prop. 0 0.263 0.456 0.140 0.140  0.133 0.470 0.349 0.048 0 
Lifespan Mean  1.5 1.8 3.0 1.9  1.4 1.3 1.4 1.0  
 Median  1.0 1.0 2.5 2.0  1.0 1.0 1.0 1.0  
 Max.  4 5 7 4  3 3 4 1  
PCS Mean  1233 2252 3875 2863  836 1215 1175 1375  
 SD  1381 2082 3044 1321  490 830 732 532  
 Median  700 1200 3050 2750  700 1200 1200 1500  
 Max.  5400 9100 8900 5100  1800 3700 3100 1800  
 Rel. RS  0.54 0.98 1.69 1.25  0.72 1.05 1.01 1.19  
Adult ♂ Mean  0.5 1.2 2.3 1.1  0.5 0.8 1.0 1.0  
 SD  0.8 1.4 2.1 1.1  0.5 1.1 1.0 1.2  
 Median  0 1 2 1  1 1 1 1  
 Max.  2 5 6 3  1 5 4 2  
 Rel. RS  0.41 1.05 1.97 0.99  0.64 0.96 1.17 1.17  
 1
3
4
 
Table 4.2. Directional, quadratic, and bivariate selection differentials and gradients (1 SE) for the age at which male smallmouth bass 
first spawned (―Age‖) and the length of their reproductive lifespans (―Life‖) in the lake or river habitats in 1998 and 1999. Results are 
presented for the number of fry estimated at have departed males nests at the end of the parental care period (―PCS‖) and the number 
of adult male offspring that they sired (―Adult ♂‖). 
 
  Differentials  Gradients 
 Period Age Life Age
2
 Life
2
  Age Life Age
2
 Life
2
 Age*Life 
Lake PCS 0.299** 0.812* -3.344 0.248  0.141** 0.784* -0.725 0.470 -0.180 
  (0.118) (0.054) (1.282) (0.170)  (0.053) (0.052) (0.580) (0.181) (0.070) 
 Adult ♂ 0.300* 0.689* -6.871*** -0.740  0.164 0.658* -4.881 -0.427 -0.332 
  (0.163) (0.138) (1.749) (0.432)  (0.142) (0.140) (1.529) (0.476) (0.184) 
River PCS 0.080 0.435* -0.919 -0.478  0.082 0.436* -0.272 -0.760 0.117 
  (0.072) (0.053) (0.648) (0.269)  (0.053) (0.052) (0.491) (0.288) (0.060) 
 Adult ♂ 0.164 0.307** -1.052 -0.263  0.178 0.303** -1.298 0.046 -0.289 
  (0.134) (0.130) (1.293) (0.671)  (0.131) (0.130) (1.231) (0.722) (0.151) 
* P<0.01, **P<0.05, ***P<0.10 
135 
Table 4.3. The reproductive lifespans of male smallmouth bass that spawned for the first time 
between the ages 3-7 in either the lake or the river section of the study site between 1998 and 
2003. The average lifespan, standard deviation, and proportion of males that spawned in a single 
year (―1 year‖) are presented for each age at first spawn. 
 
Habitat Age N Mean STDEV 1 year 
Lake 3 6 1.3 0.5 0.667 
 4 60 1.5 1.0 0.717 
 5 58 1.5 0.9 0.672 
 6 26 1.7 1.4 0.692 
 7 15 2.0 1.6 0.600 
River 3 75 1.5 0.9 0.680 
 4 121 1.5 0.8 0.719 
 5 30 1.6 0.8 0.567 
 6 18 1.6 0.3 0.667 
 7 4 1.0 0.0 1.000 
 
 
 
Table 4.4. Age-specific fertility rates for the male smallmouth bass that spawned in either the 
lake or the river sections of the study site between 1998 and 2003. The mean and standard 
deviation of adult male offspring sired and proportion of males that sired no adult male offspring 
(―0 RS‖) are presented. 
 
Habitat Age N Mean STDEV 0 RS 
Lake 3 6 0.2 0.41 0.833 
 4 62 0.3 0.61 0.790 
 5 71 0.5 0.73 0.634 
 6 47 0.5 0.88 0.638 
 7 32 0.8 1.01 0.531 
 8 10 1.4 0.97 0.200 
 9 4 1.3 0.96 0.250 
 10 4 0.3 0.50 0.750 
 11 1 1.0  0.0 
River 3 75 0.6 0.95 0.627 
 4 140 0.8 1.43 0.557 
 5 60 1.1 1.35 0.467 
 6 42 0.8 1.28 0.571 
 7 15 0.7 0.72 0.467 
 8 6 1.0 0.63 0.167 
 9 1 2.0  0.0 
 1
3
6
 
Table 4.5. Life tables estimating the lifetime reproductive success of male smallmouth bass that first spawned at different ages within 
the lake or the river habitats of the study site under six hypothetical pre-spawn survival probabilities (100% survival, 90% survival. 
80% survival, 70% survival, 60% survival, and 50% survival). The reproductive lifespans of males that first spawned at each age in 
each habitat between 1998 and 2003 were used to determine the post-maturation survival rates for the males that first spawned at each 
age in the lake or the river. The actual number of males that were observed to spawn at each age is presented in the life tables (―N‖) 
for each of the five ages at first reproduction. The age-specific survival probabilities (lx) were calculated by multiplying the probability 
that a male had survived to the previous age by the probability that it would have survived during the prior year. The age-specific 
fertility (mx) was the average number of adult male offspring sired by the males that spawned at different ages between 1998 and 2003 
in the lake or the river. The age-specific fitness (lxmx) for males that first spawned at each age was simply the product of the age-
specific fertility (mx) and the probability that they survived to that age (lx). The lifetime fitness was the sum of the annual fitness at 
each age.  
 
Lake: 100% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 1.000 0.290 0.290   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
5 0 0.000 0.507 0.000  13 0.217 0.507 0.110  58 1.000 0.507 0.507   1.000 0.000 0.000   1.000 0.000 0.000 
6      6 0.100 0.532 0.053  15 0.259 0.532 0.138  26 1.000 0.532 0.532   1.000 0.000 0.000 
7      1 0.017 0.781 0.013  9 0.155 0.781 0.121  7 0.269 0.781 0.210  15 1.000 0.781 0.781 
8      1 0.017 1.210 0.020  2 0.034 1.210 0.042  2 0.077 1.210 0.093  5 0.333 1.210 0.403 
9      0 0.000 1.167 0.000  1 0.017 1.167 0.020  2 0.077 1.167 0.090  1 0.067 1.167 0.078 
10           0 0.000 0.571 0.000  2 0.077 0.571 0.044  1 0.067 0.571 0.038 
11                0 0.000 1.000 0.000  0 0.000 1.000 0.000 
Total    0.263     0.486     0.828     0.969     1.300 
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Table 4.5 (cont.). 
Lake: 90% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 0.900 0.290 0.261   0.900 0.000 0.000   0.900 0.000 0.000   0.900 0.000 0.000 
5 0 0.000 0.000 0.000  13 0.195 0.507 0.099  58 0.810 0.507 0.411   0.810 0.000 0.000   0.810 0.000 0.000 
6       6 0.090 0.532 0.048  15 0.209 0.532 0.111  26 0.729 0.532 0.388   0.729 0.000 0.000 
7       1 0.015 0.781 0.012  9 0.126 0.781 0.098  7 0.196 0.781 0.153  15 0.656 0.781 0.512 
8       1 0.015 1.214 0.018  2 0.028 1.214 0.034  2 0.056 1.214 0.068  5 0.219 1.214 0.266 
9       0 0.000 0.000 0.000  1 0.014 1.167 0.016  2 0.056 1.167 0.065  1 0.044 1.167 0.051 
10             0 0.000 0.000 0.000  2 0.056 0.571 0.032  1 0.044 0.571 0.025 
11                   0 0.000 0.000 0.000  0 0.000 0.000 0.000 
Total     0.263      0.438      0.670      0.707      0.854 
                         
                         
Lake: 80% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 0.800 0.290 0.232   0.800 0.000 0.000   0.800 0.000 0.000   0.800 0.000 0.000 
5 0 0.000 0.507 0.000  13 0.173 0.507 0.088  58 0.640 0.507 0.324   0.640 0.000 0.000   0.640 0.000 0.000 
6      6 0.080 0.532 0.043  15 0.166 0.532 0.088  26 0.512 0.532 0.272   0.512 0.000 0.000 
7      1 0.013 0.781 0.010  9 0.099 0.781 0.078  7 0.138 0.781 0.108  15 0.410 0.781 0.320 
8      1 0.013 1.210 0.016  2 0.022 1.210 0.027  2 0.039 1.210 0.048  5 0.137 1.210 0.165 
9      0 0.000 1.167 0.000  1 0.011 1.167 0.013  2 0.039 1.167 0.046  1 0.027 1.167 0.032 
10           0 0.000 0.571 0.000  2 0.039 0.571 0.022  1 0.027 0.571 0.016 
11                0 0.000 1.000 0.000  0 0.000 1.000 0.000 
Total    0.263     0.389     0.530     0.496     0.533 
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Table 4.5 (cont.). 
Lake: 70% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 0.700 0.290 0.203   0.700 0.000 0.000   0.700 0.000 0.000   0.700 0.000 0.000 
5 0 0.000 0.000 0.000  13 0.152 0.507 0.077  58 0.490 0.507 0.248   0.490 0.000 0.000   0.490 0.000 0.000 
6       6 0.070 0.532 0.037  15 0.127 0.532 0.067  26 0.343 0.532 0.182   0.343 0.000 0.000 
7       1 0.012 0.781 0.009  9 0.076 0.781 0.059  7 0.092 0.781 0.072  15 0.240 0.781 0.188 
8       1 0.012 1.214 0.014  2 0.017 1.214 0.021  2 0.026 1.214 0.032  5 0.080 1.214 0.097 
9       0 0.000 0.000 0.000  1 0.008 1.167 0.010  2 0.026 1.167 0.031  1 0.016 1.167 0.019 
10             0 0.000 0.000 0.000  2 0.026 0.571 0.015  1 0.016 0.571 0.009 
11                   0 0.000 0.000 0.000  0 0.000 0.000 0.000 
Total     0.263      0.340      0.406      0.332      0.312 
                         
                         
Lake: 60% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 0.600 0.290 0.174   0.600 0.000 0.000   0.600 0.000 0.000   0.600 0.000 0.000 
5 0 0.000 0.507 0.000  13 0.130 0.507 0.066  58 0.360 0.507 0.183   0.360 0.000 0.000   0.360 0.000 0.000 
6      6 0.060 0.532 0.032  15 0.093 0.532 0.050  26 0.216 0.532 0.115   0.216 0.000 0.000 
7      1 0.010 0.781 0.008  9 0.056 0.781 0.044  7 0.058 0.781 0.045  15 0.130 0.781 0.101 
8      1 0.010 1.210 0.012  2 0.012 1.210 0.015  2 0.017 1.210 0.020  5 0.043 1.210 0.052 
9      0 0.000 1.167 0.000  1 0.006 1.167 0.007  2 0.017 1.167 0.019  1 0.009 1.167 0.010 
10           0 0.000 0.571 0.000  2 0.017 0.571 0.009  1 0.009 0.571 0.005 
11                0 0.000 1.000 0.000  0 0.000 1.000 0.000 
Total    0.263     0.292     0.298     0.209     0.169 
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Table 4.5 (cont.). 
Lake: 50% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 6 1.000 0.167 0.167   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 2 0.333 0.290 0.097  60 0.500 0.290 0.145   0.500 0.000 0.000   0.500 0.000 0.000   0.500 0.000 0.000 
5 0 0.000 0.000 0.000  13 0.108 0.507 0.055  58 0.250 0.507 0.127   0.250 0.000 0.000   0.250 0.000 0.000 
6       6 0.050 0.532 0.027  15 0.065 0.532 0.034  26 0.125 0.532 0.067   0.125 0.000 0.000 
7       1 0.008 0.781 0.007  9 0.039 0.781 0.030  7 0.034 0.781 0.026  15 0.063 0.781 0.049 
8       1 0.008 1.214 0.010  2 0.009 1.214 0.010  2 0.010 1.214 0.012  5 0.021 1.214 0.025 
9       0 0.000 0.000 0.000  1 0.004 1.167 0.005  2 0.010 1.167 0.011  1 0.004 1.167 0.005 
10             0 0.000 0.000 0.000  2 0.010 0.571 0.005  1 0.004 0.571 0.002 
11                   0 0.000 0.000 0.000  0 0.000 0.000 0.000 
Total     0.263      0.243      0.207      0.121      0.081 
 
River: 100% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 1.000 0.825 0.825   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.221 1.033 0.229  30 1.000 1.033 1.033   1.000 0.000 0.000   1.000 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.090 0.711 0.064  13 0.433 0.711 0.308  19 1.000 0.711 0.711   1.000 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.041 0.625 0.026  3 0.100 0.625 0.063  4 0.211 0.625 0.132  4 1.000 0.625 0.625 
8       0 0.000 0.000 0.000  1 0.033 1.111 0.037  3 0.158 1.111 0.175  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.053 2.000 0.105       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      1.143      1.441      1.123      0.625 
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Table 4.5 (cont.). 
River: 90% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 0.900 0.825 0.743   0.900 0.000 0.000   0.900 0.000 0.000   0.900 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.199 1.033 0.206  30 0.810 1.033 0.837   0.810 0.000 0.000   0.810 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.081 0.711 0.058  13 0.351 0.711 0.250  19 0.729 0.711 0.518   0.729 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.037 0.625 0.023  3 0.081 0.625 0.051  4 0.153 0.625 0.096  4 0.656 0.625 0.410 
8       0 0.000 0.000 0.000  1 0.027 1.111 0.030  3 0.115 1.111 0.128  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.038 2.000 0.077       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      1.029      1.167      0.819      0.410 
                         
                         
River: 80% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 0.800 0.825 0.660   0.800 0.000 0.000   0.800 0.000 0.000   0.800 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.177 1.033 0.183  30 0.640 1.033 0.661   0.640 0.000 0.000   0.640 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.072 0.711 0.051  13 0.277 0.711 0.197  19 0.512 0.711 0.364   0.512 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.033 0.625 0.020  3 0.064 0.625 0.040  4 0.108 0.625 0.067  4 0.410 0.625 0.256 
8       0 0.000 0.000 0.000  1 0.021 1.111 0.024  3 0.081 1.111 0.090  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.027 2.000 0.054       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      0.915      0.922      0.575      0.256 
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Table 4.5 (cont.). 
River: 70% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 0.700 0.825 0.578   0.700 0.000 0.000   0.700 0.000 0.000   0.700 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.155 1.033 0.160  30 0.490 1.033 0.506   0.490 0.000 0.000   0.490 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.063 0.711 0.045  13 0.212 0.711 0.151  19 0.343 0.711 0.244   0.343 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.029 0.625 0.018  3 0.049 0.625 0.031  4 0.072 0.625 0.045  4 0.240 0.625 0.150 
8       0 0.000 0.000 0.000  1 0.016 1.111 0.018  3 0.054 1.111 0.060  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.018 2.000 0.036       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      0.800      0.706      0.385      0.150 
                         
                         
River: 60% pre-spawn survival probability 
          
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 0.600 0.825 0.495   0.600 0.000 0.000   0.600 0.000 0.000   0.600 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.133 1.033 0.137  30 0.360 1.033 0.372   0.360 0.000 0.000   0.360 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.054 0.711 0.038  13 0.156 0.711 0.111  19 0.216 0.711 0.154   0.216 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.025 0.625 0.015  3 0.036 0.625 0.023  4 0.045 0.625 0.028  4 0.130 0.625 0.081 
8       0 0.000 0.000 0.000  1 0.012 1.111 0.013  3 0.034 1.111 0.038  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.011 2.000 0.023       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      0.686      0.519      0.243      0.081 
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Table 4.5 (cont.). 
River: 50% pre-spawn survival probability 
                         
 First spawn at age-3  First spawn at age-4  First spawn at age-5  First spawn at age-6  First spawn at age-7 
Age N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx  N lx mx lxmx 
3 76 1.000 0.566 0.566   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000   1.000 0.000 0.000 
4 20 0.263 0.825 0.217  122 0.500 0.825 0.413   0.500 0.000 0.000   0.500 0.000 0.000   0.500 0.000 0.000 
5 4 0.053 1.033 0.054  27 0.111 1.033 0.114  30 0.250 1.033 0.258   0.250 0.000 0.000   0.250 0.000 0.000 
6 2 0.026 0.711 0.019  11 0.045 0.711 0.032  13 0.108 0.711 0.077  19 0.125 0.711 0.089   0.125 0.000 0.000 
7 0 0.000 0.000 0.000  5 0.020 0.625 0.013  3 0.025 0.625 0.016  4 0.026 0.625 0.016  4 0.063 0.625 0.039 
8       0 0.000 0.000 0.000  1 0.008 1.111 0.009  3 0.020 1.111 0.022  0 0.000 0.000 0.000 
9             0 0.000 0.000 0.000  1 0.007 2.000 0.013       
10                   0 0.000 0.000 0.000       
11                              
Total     0.856      0.572      0.360      0.140      0.039 
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Figures. 
 
Figure 4.1. Histograms showing the reproductive lifespans (years) of the male smallmouth bass 
that spawned in the lake (A) and river (B) habitats for the first time in 1998 and 1999. 
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Figure 4.2. The relative reproductive success of male smallmouth bass that spawned for the first 
time at different ages in the lake (Panel A; N = 57) and river (Panel B; N = 83) sections of the 
Mississippi River, Ontario, Canada, in 1998 and 1999. Relative reproductive success is based on 
the estimated number of fry raised during the parental care period (black bars) and the number of 
adult male offspring captured within the study site (white bars). The reference lines represent the 
average lifetime reproductive success of males that spawned in each habitat. 
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Figure 4.3. Histograms showing the proportion (frequency) of males that spawned in the lake 
(Panel A; N = 57) or river (Panel B; N = 83) habitats for the first time in 1998 or 1999 that sired 
0-6 adult male offspring during their lifetimes.  
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Figure 4.4. Reproductive lifespan (the number of years in which a male spawned) and lifetime 
reproductive success of male smallmouth bass that first spawned in the lake and river habitats of 
the Mississippi River study site in 1998 and 1999. Lifetime reproductive success was assessed as 
the number of fry raised to independence during the parental care period in the lake (A) and the 
river (C). The number of adult male offspring each male sired was also assessed in the lake (B) 
and river (D). Least squares regression lines are presented. 
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Figure 4.5. The estimated fitness (number of adult male offspring sired during a lifetime) of male 
smallmouth bass that spawn for the first time at ages 3-7 across a series of different pre-spawn 
survival rates (0.5 to 1.0) in the lake (A) or the river (B) habitats. These estimates were 
calculated using the reproductive lifespans and age-specific reproductive success of 165 males 
that first spawned in the lake and 251 males that first spawned in the river of the Mississippi 
River study site between 1998 and 2003.  
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CHAPTER FIVE: PHILOPATRY AND LIFE HISTORY DIFFERENTIATION ARE LINKED 
TO FINE-SCALE GENETIC STRUCTURE AMONG SMALLMOUTH BASS INHABITING 
A CONNECTED RIVER-LAKE SYSTEM 
 
Abstract. 
The spatial extent of gene flow is restricted when individuals reproduce in close proximity to 
their natal sites. Adult smallmouth bass have long been recognized to use the same reproductive 
sites and home ranges over multiple years, and males have recently been documented to disperse 
short distances from their natal sites to spawn. This study represents the first evaluation of 
whether or not these behaviors produce small-scale spatial genetic structure among smallmouth 
bass. The vast majority (>95%) of male smallmouth bass inhabiting a ~3 km connected river-
lake section of the Mississippi River (Ontario, Canada) are known to spawn either only in the 
river or only in the lake portion of the site throughout the duration of their lives. Most males 
(86%) spawned within their natal habitat (river or lake) and two-thirds of males nested within 
500 m of their natal site. In addition, males that spawned in the river matured earlier and at 
smaller sizes than those that spawned in the lake. The current study investigated whether or not 
the restricted natal dispersal patterns and fidelity to reproductive habitats resulted in genetic 
structure within and between the groups of male smallmouth bass that nested in the river or the 
lake habitats over 11 reproductive seasons (1998-2008) and eight year-classes (cohorts produced 
in 1995-2002). In the river, males that nested near each other were found to be more closely 
related than males that spawned in distant nests, but there was no such relationship among the 
males that spawned in the lake. Both genic differentiation tests and FST estimates indicated that 
there was low but significant genetic structure between the groups of males that spawned in the 
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two habitats despite the fact that >10% of males dispersed outside of their natal habitat to spawn. 
Results from multiple years and year-classes indicated that this genetic structure was consistent 
through time; groups of males that spawned in the same habitat in different years or from 
different year-classes were more genetically similar to each other than to the males that spawned 
in the other habitat. Weak genetic differentiation was detected between groups of males that 
hatched in the river but matured at different ages. Males that hatched in the lake and dispersed 
into the river to spawn were found to be weakly differentiated from males that hatched and 
spawned within the lake. Taken as a whole, this study has documented that fish in the combined 
lake-river system did not exist as a single panmictic population and that genetic differences are 
related both to the restricted dispersal patterns and to phenotypic variation observed among 
males.  
 
Introduction. 
The amount of gene flow between groups of organisms is expected to control the degree 
to which they become genetically differentiated (Wright 1943, 1946). This expectation is 
supported by studies documenting that habitat heterogeneity and physical barriers that prevent or 
impede dispersal are frequently associated with population differentiation (e.g., Opdam 1991; 
Ruzzante et al. 1999; Sork et al. 1999; Manel et al. 2003; Bekkevold et al. 2005; Hemmer-
Hansen et al. 2007). An organism’s ability to disperse can also influence the amount of genetic 
structure through space; more mobile taxa have generally been found to have less genetic 
structure than those with limited dispersal potential (Ward et al. 1992; Bohonak 1999). The 
amount of gene flow will also be related to an organism’s propensity to disperse. Organisms 
capable of long distance movements have been found to exhibit restricted dispersal patterns or 
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natal homing. Molecular investigations have documented that these behaviors can produce 
genetic structure over very fine-scale distances (i.e., less than one kilometer) for a number of 
vertebrate species inhabiting continuous habitats without physical barriers to gene flow (e.g., 
Double et al. 2005; Neville et al. 2006; Busch et al. 2009; Maher 2009). In these cases, genetic 
differences result from dispersal behaviors that limit the amount of gene flow that occurs over 
space. Not only have these recent studies confirmed the theoretical expectation that fidelity to 
reproductive habitats would play an important role in determining the extent of genetic structure 
within and among populations (Greenwood 1980), but they have illustrated that limited dispersal 
and natal homing can produce genetic structure at very fine spatial scales, even in organisms 
capable of long distance movements. 
The fact that fish movements are restricted to aquatic habitats makes them intriguing taxa 
for studies of gene flow and spatial structure. For instance, freshwater species have generally 
been found to have significantly greater genetic structure than marine species, a result attributed 
to there being more physical barriers to dispersal in freshwater than in marine environments 
(Avise 2000; Ward et al. 1994). The amount of genetic structure is also expected to be influenced 
by the mode of reproduction that a species exhibits. Species that dispense planktonic larvae into 
the water column often have less genetic structure than those whose larvae are demersal or 
otherwise remain in the general area in which fertilization occurs (Avise 2004). Dispersal might 
be expected to be restricted when one or both of the parents provide parental care to developing 
offspring, and approximately 20% of the families of teleost fishes include at least some species 
that provide post-zygotic parental care (Blumer 1982).  
The smallmouth bass (Micropterus dolomieu) is a freshwater fish common to warm-
water lakes and streams throughout much of North America (Scott and Crossman 1973), and the 
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reproductive ecology of this species includes paternal construction of saucer shaped depressions 
in the littoral zone that serve as nests for developing offspring (Turner and MacCrimmon 1970). 
The fact that males show strong fidelity to nesting sites in multiple years, with >33% of males 
having nests within 20 m and >70% of them within 100 m of their previous year’s nesting site in 
two systems in Ontario (Ridgway et al. 2002; Barthel et al. 2008), suggests that limited adult 
dispersal might produce spatially-driven genetic structure. In chapter 2 I documented that two-
thirds of male smallmouth bass spawned within 500 m of their natal site, indicating that adult 
males were highly philopatric in at least one population. In another lake population, the high 
levels of homozygosity in the DNA fingerprint banding patterns observed among offspring 
collected from single broods were attributed to male and female smallmouth bass returning to 
spawn near their own natal sites (Gross et al. 1994). During non-reproductive periods of the year, 
smallmouth bass have been shown to display fidelity to habitats and home ranges (Ridgway et al. 
2002; Barthel et al. 2008), and most individuals have returned to previous capture locations when 
displaced by humans (Larimore 1952; Ridgway and Shuter 1996). Adult smallmouth bass, 
however, are strong swimmers that are clearly capable of long distance movements; some 
individuals have been documented to make seasonal migrations that are greater than 75 river km 
(Langhurst and Schoenike 1990; Lyons and Kanehl 2002). Even so, there has been only a single 
evaluation of gene flow and genetic relationships among groups of bass inhabiting a single 
aquatic system; Stepien et al. (2007) found that smallmouth bass from different locations in Lake 
Erie and its tributaries were genetically differentiated, with the greatest magnitude of the 
differences existing between fish from different tributary rivers. The authors attributed the 
population structure they observed to both vicariance and a strong spatial fidelity among groups 
of bass inhabiting different locations (Stepien et al. 2007). Presently, it is unknown whether the 
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philopatry and nest site fidelity displayed by adult smallmouth bass is or is not capable of 
producing genetic structure at finer spatial scales. 
 The reproductive activity of the smallmouth bass inhabiting a 3 km interconnected river-
lake section of the Mississippi River in Ontario, Canada, has been studied annually for nearly 
two decades. Previous work has documented that throughout their entire lives 96% of the males 
in this system spawn either exclusively in the river or exclusively in the lake and not both 
(Barthel et al. 2008). More recently, it has been shown that 85% of these males spawn within 1 
km of their natal site, and that 86% of males spawn within their own natal habitat (either the lake 
or the river; Chapter 2). Life history differentiation has also been documented between the 
groups of males that spawn in the two habitats; in six of eight study years from 1997-2004, males 
that spawned in the river matured at younger ages and smaller sizes than those that reproduced in 
the lake (Barthel et al. 2008). A three year telemetry project documented that most of the tracked 
males that spawned in the river were potamodramous; males migrated from the lake to the river 
just before the reproductive period, and then returned to the lake following reproduction (Barthel 
et al. 2008). Information on female movement patterns is limited to the observations for thirteen 
females that were part of the telemetry study. These females either followed a potamodramous 
movement pattern or remained in the lake over multiple years (Barthel et al. 2008). Currently, it 
is unknown whether or not females act similarly to males by displaying fidelity to one of the two 
habitats.  
Herein, I evaluate the amount of genetic structure that exists both between and within the 
two habitats (i.e., river and lake) by (1) determining if there is a correlation between the genetic 
and geographic distances (i.e., spatial autocorrelation) between males that nested within each 
habitat, (2) evaluating whether or not there is evidence of genetic differentiation between the 
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groups of males that spawned in the river and those that spawned in the lake, and (3) 
investigating if groups of males that exhibit different demographic traits (age at first 
reproduction, reproductive lifespan, and natal dispersal patterns) are genetically differentiated. 
Because males that hatched in the lake nested 1.5 times farther from their natal site, on average, 
than those that hatched in the river, I predict that there will be greater spatial autocorrelation 
among males that spawned in the river than the lake. The fact that the majority of males spawned 
within their natal habitat should result in non-random gene flow between the two groups of 
males (the males that spawned in the river or the lake). Because 14% of males spawned outside 
of their natal habitat (i.e., migrated into the other habitat), however, the level of genetic 
differentiation between the two groups should be relatively low. Finally, because I surmise that 
most demographic variation within this small-scale study site is due to phenotypic plasticity, I 
expect to find limited evidence of genetic differentiation between groups of males exhibiting 
different traits within the system. 
 
Methods. 
Field collections. 
This study was conducted on a segment of the Mississippi River (a tributary of the 
Ottawa River) in Frontenac County, Ontario, Canada (44°56’ N; 76°42’W). The study site 
consisted of a 1.5 km riverine habitat containing eights pools (mean ± S.D. surface area = 1.0 ± 
0.6 ha) separated by riffles and rapids that ended by flowing over a set of rapids into Millers 
Lake (surface area = 45 ha), itself a widening and deepening of the river that created a lacustrine 
habitat (1.75 km long x 0.25 km wide). A previous telemetry study demonstrated that the riffles 
or rapids did not restrict smallmouth bass movements within this study site (Barthel et al. 2008). 
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Immigration and emigration from upstream reaches is inhibited by a large (>2 m) waterfall 
upstream of the study site. There is a smaller set of rapids downstream of the study site that is 
expected to challenge upstream dispersal of juveniles during the first year of life, but may not be 
a serious impediment to adult movements. None of the adult smallmouth bass that were part of a 
multiyear telemetry study were observed to move out of the study site in either direction (Barthel 
et al. 2008). 
 Smallmouth bass reproductive activity has been monitored each year since 1991 in the 
river section and since 1996 in the lake section of the study site. In each year, snorkelers swam 
the littoral zone three times a week during the reproductive period, placed a numbered plastic tag 
beside each discovered nest, and recorded its location on a detailed map. The clarity of the water, 
frequency and duration of the snorkeling surveys, and fact that smallmouth bass rarely in this 
system nest at depths greater than 2 m make it highly probable that most nests were found each 
year. 
 From 1996 to 2008, each nesting male was angled off its nest after it was located. The 
total length of each male was measured to the nearest mm and scales were collected from the 
area posterior to the dorsal fin and below the lateral line. The age of each male was determined 
using the annuli from scales, following the methods of Barthel et al. (2008). The individual fish 
ages allowed determination of the year in which each male had hatched (i.e., its year-class). In 
addition, a small piece of caudal fin was collected from each male and stored in 95% ethanol for 
DNA extraction. So that individual males could be identified immediately if they spawned and 
were recaptured in multiple years, a passive integrated transponder (PIT) tag was injected into 
the peritoneal cavity of each new male when captured. The sampling and handling process took 
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less than 1 min, after which the males were released directly adjacent to their nests (<10 m), 
returning quickly to their nests and resuming parental care.  
 
Molecular methods. 
 DNA was extracted using the same procedure described in Chapter 2. Electrophoresis 
was conducted using the same techniques and the same 16 polymorphic microsatellite loci 
presented in Chapter 2. 
 
General population genetic parameters. 
This study was conducted on males that spawned in the study site during eleven years of 
monitoring (1998-2008) that were from eight year-classes (1995-2002 cohorts). Evaluations 
were conducted on two groups of males, males that (1) spawned in the same year or males that 
were (2) part of the same year-class. This provided an opportunity to investigate whether 
relationships differed when groups consisted of males from a single cohort (i.e., year-class) 
versus multiple cohorts (i.e., years). MICRO-CHECKER version 2.2 (Van Oosterhout et al. 
2004) was used to evaluate whether null alleles were present at any loci. The observed 
heterozygosity, expected heterozygosity, and FIS values were calculated using GENETIX version 
4.05 (Belkhir et al. 2001). Allelic richness (mean number of alleles per locus) and private allelic 
richness (mean number of alleles present among the fish that spawned in one habitat, but not the 
fish that spawned in the other, per locus) were calculated using HP-RARE version 1.0 
(Kalinowski 2005). This program uses rarefaction to compensate for there being different 
number of samples in different groups (i.e., more males spawned in the river than the lake in 
most years). GENETIX version 4.05 (Belkhir et al. 2001) was used to determine if groups of 
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males conformed to Hardy-Weinberg equilibrium (HWE) using 1,000 permutations. Tests of 
linkage disequilibrium between loci were performed via the Markov chain algorithm in 
GENEPOP version 4.0 (10,000 permutations, Raymond and Rousset 1995).  
 
Genetic structure within habitats. 
 The spatial autocorrelation analysis procedure of GENALEX version 6.1 (Peakall and 
Smouse 2006) was used to determine if fine-scale spatial structure was present among males that 
nested within each of the two habitats. This procedure estimates the strength of the correlation of 
the geographic and genetic distances between pairs of individuals within user-defined distance 
classes (Peakall et al. 2003). GENALEX uses a bootstrap re-sampling method to determine if the 
autocorrelation coefficient r is significantly different than zero, and the maximum extent (i.e., 
geographic distance) of significant positive correlations is interpreted as the scale of spatial 
genetic structure (Peakall et al. 2003). The genetic distance between each pair of individuals was 
calculated by GENALEX using the methods of Smouse and Peakall (1999). For this study, 
geographic distance was determined as the shortest distance between each pair of nests through 
the aquatic environment (Figure 5.1 shows the locations of nests in the years with the fewest and 
greatest numbers of nests). In the infrequent case that an individual male nested twice within the 
same reproductive year, only the location of the first nest site was included in the analyses. 
Measuring distances between the nest sites of members of the same year-class was complicated 
by the fact that most males spawn for the first time at ages from 3-6 in this system; so many 
members of the same year-class matured and first spawned in different years. I measured the 
distance between the locations of the nests in which males spawned for the first time (i.e., first 
reproductive event) even when that meant that the nests of the two males actually occurred in 
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different years. This approach offered the best opportunity to investigate spatial structure without 
nest site choices being influenced by individual reproductive experiences (i.e., to avoid the 
possibility that poor reproductive success in the previous year would affect male nest site 
selection in subsequent years). Males that spawned in the river were analyzed separately from 
those that spawned in the lake for both years and year-classes. To reduce stochastic variation in 
the strength of autocorrelation, I averaged r across the multiple years and year-classes in each 
habitat using the Multiple Dclass option to calculate rc (r-combined; Peakall et al. 2003). This 
coefficient has been shown to detect subtle structure when the same structuring mechanisms are 
operating over multiple populations of temporally replicated samples (Neville et al. 2006; Busch 
et al. 2009).  
 
Genetic structure between habitats. 
 Inter-habitat genetic structure was investigated by conducting tests of genic 
differentiation and estimating pairwise FST values between males that spawned in the lake and 
those that spawned in the river from each year and year-class. The Markov Chain Monte Carlo 
method of GENEPOP 4.0 (Raymond and Rousset 1995) was used to determine the probability 
that the allele frequencies of the two groups were statistically different. Sequential Bonferroni 
corrections (Rice 1989) were employed to adjust P-values for multiple comparisons (α = 0.05). 
The magnitude of population differentiation (if any) was evaluated by estimating pairwise FST 
values (Weir and Cockerham 1984) between the two groups of males using the permutation 
procedure in GENETIX version 4.05 (Belkhir et al. 2001) to determine whether the FST values 
were significantly different than zero. Hedrick (1999) and others have shown that the maximum 
FST values can be significantly less than 1.0 for studies conducted with highly variable loci. 
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Because this type of result makes it difficult to assess the magnitude of differentiation between 
groups and compare the values from different studies, I used RECODEDATA version 0.1 
(Meirmans 2006) to determine the maximum FST value possible for each inter-group comparison 
and then to calculate the standardized genetic differentiation measure proposed by Hedrick 
(2005) by dividing the estimated FST by the maximum possible FST for each pair of groups of 
males. This standardization provides an estimate of the genetic differentiation on a scale from 0 
to 1.0 (Hedrick 1999). 
 Temporal and spatial relationships between groups of males that spawned in the two 
habitats were visualized using the factorial correspondence analyses (FCA) implemented in 
GENETIX version 4.05 (Belkhir et al. 2001). This analysis sorts the multilocus genotypes of 
each individual into a contingency table which is then used to estimate χ2 genetic distances 
between pairs of individuals. The three largest eigenvalues for all pairwise individual 
comparisons were then used to plot in three-dimensional space the centroids of each group of 
males that spawned in the two habitats. 
 I used a hierarchical global analysis of molecular variance (AMOVA) to determine what 
portion of the total genetic variance detected among the fish that spawned in the system over the 
course of the study was due to spatial and temporal structure. The genotypes of all the 
individuals that spawned in the lake and the river were included in the analysis that partitioned 
the total genetic variance into covariance components due to intraindividual, interindividual, 
intercollection, and intergroup differences (Weir and Cockerham 1984). The groups of males that 
spawned in the lake versus the river were defined as the groups in the AMOVA, and the 
temporal replicates (i.e., individual years and year-classes) were defined as the collections within 
groups. Separate AMOVAs were conducted for the year and year-class datasets. Permutations 
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(1,000) were used to determine whether statistically significant portions of the total genetic 
variation were partitioned into each covariance component using ARLEQUIN version 3.11 
(Excoffier et al. 2005). I also used ARLEQUIN to calculate FST values separately for the groups 
of males that spawned in the river or the lake in different years and year-classes (i.e., four total 
tests: lake years, lake year-classes, river years, and river year-classes). This analysis provides an 
estimation of the magnitude of temporal structure within each individual habitat. 
 
Genetic structure between demographic groups. 
 The possibility that life history variation (age at first reproduction, reproductive lifespan, 
and natal dispersal) that has been observed among males within the study site had a genetic basis 
was evaluated with tests of genic differentiation and pairwise FST values. Most males spawn for 
the first time between ages 3-6 in the study site (Barthel et al. 2008), with males that reproduce 
in the river generally spawning for the first time at younger ages than those that reproduce in the 
lake. The potential for genetic differentiation to exist between the groups that first spawned at 
different ages was evaluated by calculating pairwise FST values and conducting tests of genic 
differentiation between the males that fist spawned at each age between 3 and 6 in the lake or in 
the river (e.g., the group of males that first spawned at age-3 vs. the group of males that first 
spawned at age-4 in the lake). Barthel et al (2008) also documented that 73% of males that 
spawned from 1997-2004 reproduced in a single year, 16% spawned in two years, and 11% 
spawned in three or more years. Similarly to the age at first reproduction analyses, pairwise FST 
values and genic differentiation tests were conducted to evaluate the level of genetic 
differentiation between males that spawned in one, two, or three or more reproductive years in 
each habitat. In Chapter 2 I documented that the majority of males spawned within their natal 
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habitat. To test whether there was genetic differentiation between the groups of males that were 
philopatric to their natal habitat and those that were not (i.e., males that spawned within their 
natal habitat vs. those that dispersed and spawned in the other habitat), I calculated pairwise FST 
values and conducted tests of genic differentiation between the groups of males that hatched in 
the lake and spawned in the lake, the males that hatched in the lake and spawned in the river, the 
males that hatched in the river and spawned in the lake, and the males that hatched and spawned 
in the river. The Markov Chain Monte Carlo method of GENEPOP 4.0 (Raymond and Rousset 
1995) was used to determine the probability that the allele frequencies of the two groups were 
statistically different. Sequential Bonferroni corrections (Rice 1989) were employed to adjust P-
values for multiple comparisons (α = 0.05). The magnitude of population differentiation (if any) 
was evaluated by estimating pairwise FST values (Weir and Cockerham 1984) between the two 
groups of males using the permutation procedure in GENETIX version 4.05 (Belkhir et al. 2001) 
to determine whether the FST values were significantly different than zero. 
Tests were conducted using JMP 4.0.4 (SAS Inc., Cary, NC, U.S.A.). 
 
Results. 
General population genetic parameters. 
 Genetic diversity levels were very similar for males that spawned in the lake and males 
that spawned in the river across years and year-classes in each habitat (Table 5.1). Allelic 
richness levels were calculated by standardizing the number of alleles sampled per locus to the 
smallest sample size of complete genotypes from any single group, which ended up being 29 and 
17 individuals (58 and 34 alleles) for the year and year-class datasets, respectively. Allelic 
richness levels were very similar for males that spawned in the lake and males that spawned in 
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the river when compared across individual years (lake mean = 6.71, SD = 0.42; river mean = 
6.51, SD = 0.40; t-test = 1.13, DF = 20, P = 0.273) or across year-classes (lake mean = 6.19, SD 
= 0.41; river mean = 6.22, SD = 0.50; t-test = -0.15, DF = 14, P = 0.885). The heterozygosity 
levels observed for males that spawned in the two habitats were very similar across year (lake 
mean = 0.690; river mean = 0.692) or year-classes (lake mean = 0.694; river mean = 0.693). No 
groups of males were found to be out of Hardy-Weinberg Equilibrium. There was a single pair of 
loci linked in one of the groups of males from one year (River 2006, Lmar14 and MsaTPW107) 
and a pair of loci linked in two groups of males from year-classes (River 2001, Msa17 and 
MiSaTPW087; River 2002, MiSaTPW107 and MiSaTPW117). No loci were consistently found to 
have excess homozygosity levels as might be expected from the presence of null alleles. 
 
Genetic structure within habitats. 
 The spatial autocorrelation analyses documented that there was greater genetic structure 
among males that spawned in the river than those that spawned in the lake in both years and 
year-classes. When each year or year-class was analyzed independently, significant 
autocorrelation was detected among males that spawned in 10 of 11 years and four of eight year-
classes in the river and among males that spawned in five of the years and four of the year-
classes in the lake (Table 5.2). When the autocorrelation coefficients were averaged across the 
multiple years and year-classes that spawned in each habitat, the combined autocorrelation 
coefficients were found to be significantly greater then zero (i.e., there was spatial 
autocorrelation) among the males that spawned in the river, but not among males that spawned in 
the lake (Figure 5.2). The maximum extent of spatial structure (distance classes with 
autocorrelation coefficients significantly greater than zero) was 800 and 700 m for males that 
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spawned in the river in reproductive years (Figure 5.2A) and year-classes (Figure 5.2B), 
respectively. These results indicate that males that nested near each other tended to be more 
genetically similar to each other than to males that nested further away within distance classes up 
to 700-800 m in the river habitat. The strength of the autocorrelation tended to be ~1.5x greater 
among males from the same year-class than among males that nested within the same year, and 
approximately twice as strong among males that nested in the river relative to those that nested in 
the lake.  
 
Genetic structure between habitats. 
 The average number of private alleles per locus ranged from 1.16 to 2.42 in individual 
years (mean = 1.77, SD = 0.33) and 1.73 to 2.70 in the year-classes (mean = 1.95, SD = 0.31; 
Table 5.3). Genic differentiation tests determined that males that spawned in the lake had 
significantly different allele frequencies from those that spawned in the river in all the years and 
year-classes analyzed (Table 5.3). The estimated pairwise FST values were significantly different 
from zero for all years and year-classes (Table 5.3). For individual years, pairwise FST values 
ranged from 0.003 to 0.026 (mean = 0.011, SD = 0.007). The FST values observed for year-
classes were within a narrower range (0.007 to 0.016) but had the same mean (mean = 0.011, SD 
= 0.004). The mean standardized estimates of genetic differentiation (G′ST) were 0.036 (SD = 
0.023) and 0.036 (SD = 0.012) for males that spawned in different years and different year-
classes, respectively (Table 5.3). 
 The three-dimensional plots produced from the FCA results showed that the centroids for 
groups of individuals that spawned in the same habitat in different years or year-classes were 
located near each other and apart from those of males that spawned in the other habitat (Figure 
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5.3). This pattern suggests that males that nested in the same habitat in different years or year-
class tended to be more closely related to each other than to the males that nested in the other 
habitat in the same year. The global AMOVA results found that spatial differences (i.e., 
differences between males that spawned in the river versus the lake) were responsible for a 
greater proportion of the total genetic variation in the system than temporal differences (i.e., 
differences between males that spawned in different years or year-classes but in the same habitat) 
for both the year and year-class datasets (Table 5.4). The percentage of variation attributable to 
spatial structure (0.76%) was more than twice the amount observed to be due to temporal 
structure (0.36%) across years (Table 5.4). There was less variation partitioned into spatial 
structure for males across year-classes (0.49%) than from across individual reproductive years 
(0.76%), a result attributable to the fact that the males that spawned in individual years included 
members of multiple cohorts. The FST estimates for the males that spawned in a single habitat 
(lake vs. river) in different years or year-classes only detected significant temporal structure 
between the males that spawned in different years in the river (lake year FST = 0.002, P = 1.000; 
lake year-class FST = 0.004, P = 1.000; river year FST = 0.005, P = <0.001; river year-class FST = 
0.004, P = 0.976). These results suggest there is genetic continuity through time among males 
that spawned in each of the two habitats. 
 
Genetic structure between demographic groups. 
 Fish that spawned at the youngest ages (age-3) were found to be genetically differentiated 
from the males that delayed first reproduction to older ages in the river (Table 5.5). The analyses 
did not detect significant genetic divergence between any other groups of males that reproduced 
for the first time at different ages or among males that had different reproductive lifespans in the 
 164 
lake or the river (Table 5.5). The males that hatched in the lake and spawned in the lake were 
found to be genetically differentiated from the males that hatched in the river and spawned in the 
river (Table 5.6). The males that hatched in the lake and spawned in the lake were found to be 
genetically differentiated from the males that hatched in the lake and spawned in the river (Table 
5.6). There was no evidence of genetic differentiation between any of the other groups that 
exhibited different natal dispersal patterns. 
 
Discussion. 
 This study represents the first documentation of fine-scale population structure among 
smallmouth bass, a species where individual fish have long been recognized to display fidelity to 
home ranges and reproductive habitats over multiple years (Gerking 1953; Fajen 1962; Ridgway 
et al. 2002; Barthel et al. 2008). The spatial autocorrelation results correspond very well to 
differences in natal dispersal patterns that have been documented for males that hatched in the 
two different habitats (i.e., lake and river). Males that hatched in the lake were found to nest 1.5 
times the distance from their natal sites as the males that hatched in the river (Chapter 2), and 
this study documented that positive spatial autocorrelation results for males that nested in the 
river were approximately twice the magnitude of those that nested in the lake. A third of the 
males that hatched in the river nested with 100 m of their natal site (Chapter 2). This pattern 
would result in many pairs of siblings or half-siblings (~50% of males nested within 20 m of 
their previous years nest site; Barthel et al. 2008) spawning in close proximity. In contrast, equal 
proportions of the males that hatched in the lake were found to have nested within each 100 m 
distance class up to 600 m from their natal site (Chapter 2). This pattern would result in equal 
probabilities of siblings or half-siblings nesting at any distance up to 600 m of each other, a 
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scenario that would be much less likely to result in there being a relationship between genetic 
relatedness and spatial distances between the males that spawned in the lake. In fact, significant 
spatial autocorrelation was detected in more of the groups of males that spawned in individual 
years in the river than the lake, and the pooled analyses documented significant autocorrelation 
for males that spawned in the river, but not for males that spawned in the lake in both the year 
and year-class datasets.  
Wright (1978) proposed that FST values from 0.05 to 0.15 indicate moderate levels of 
population differentiation, and values <0.05 indicate little differentiation between groups. The 
standardized G′ST values from the estimates of genetic differentiation between the groups of 
males that spawned in the lake or the river tended to be closer to 0.05 than zero, indicating that 
there was low to moderate population differentiation between the groups. It is worth noting the 
FST values detected between the groups of males that spawned in the lake versus river habitats of 
the current study are greater than many of the values reported between groups of smallmouth that 
were captured in different parts of Lake Erie, some of which were tens of kilometers apart 
(Stepien et al. 2007). The significant, consistent genetic differentiation detected between males 
that nested in the two habitats indicates that gene flow between the groups is restricted. The 
question then becomes whether or not these two groups constitute a single population. Through a 
literature review, Waples and Gaggiotti (2006) documented that numerous definitions have been 
proposed for biological populations, most of which can be categorized as using either ecological 
or evolutionary paradigms. Definitions based on ecological paradigms emphasize that 
populations consist of organisms that co-occur in space and time and that are able to interact with 
each other (e.g., Krebs 1994). The critical parameter for these definitions is the level of 
migration beyond which two groups of organisms are no longer demographically independent. 
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Definitions that are based on evolutionary paradigms focus on organisms living in proximity to 
each other so that they have the opportunity to mate (e.g., Dobzhansky 1970). In these cases the 
critical parameter is the amount of gene flow between groups, which is often expressed in terms 
of the number of effective migrants that are exchanged. Waples and Gaggiotti (2006) highlight 
the fact that applying any of the definitions to natural populations is complicated by the fact that 
many organisms exist across a spectrum from panmixia to complete reproductive isolation 
throughout a localized range, and there is no unambiguous, widely agreed upon threshold level 
of migration, gene flow, or genetic differentiation that can be used to categorize groups of 
organisms as different populations. For example, although one might decide that any groups that 
exchange less than one effective migrant per generation should be considered distinct 
populations (Mills and Allendorf 1996), population differentiation is possible when gene flow 
rates are considerably greater than one individual. In fact, groups can depart from panmixia when 
they share 5 or even 25 effective migrants per generation (Waples and Gaggiotti 2006). The 
fixation index (FST) can be used to estimate the effective migration rate by entering FST values 
into the well known approximation FST ≈ 1/ (1 + 4Nem) and solving for Nem, which provides an 
estimate of the number of effective migrants between groups. When the mean standardized G′ST 
value is input as the FST term the estimate is that approximately seven effective migrants move 
between the two habitats per generation. Although the dispersal results in Chapter 2 indicated 
that an average of 10 individuals from a cohort spawned outside of their natal habitat (i.e., 
migrated between habitats), the genetic estimate of effective migration rate reflects both male 
and female contributions to geneflow as well as the fact that some males that migrated outside of 
their natal habitat to spawn would not be effective migrants because they would not have any 
surviving offspring (the lifetime reproductive success results in Chapter 4 documented that 
 167 
nearly half the males that spawned within the system did not have any male offspring survive to 
spawn as adults). Population definitions based on the ecological paradigm tend to be more 
qualitative than evolutionary definitions, however, Hasting (1993) suggested that groups were no 
longer demographically independent when migrants made up 10% or more of the individuals. In 
the current system, fourteen percent of the males that were successfully assigned parentage in 
Chapter 2 were found to have spawned outside of the habitat in which they had hatched. On the 
other hand, if the number of effective migrants are considered, seven effective migrants would 
represent 6.3% of the 111 males that raised broods in an average year from 1997-2004 (Barthel 
et al. 2008), in which case the individuals that spawned in one habitat versus the other would not 
be demographically dependent under Hastings’ (1993) definition. Ultimately, because the fish 
that spawn in the lake versus the river exist somewhere between reproductive isolation and 
panmixia, defining them as a single population or as multiple populations is largely subjective. 
That being the case, the fact that restricted gene flow between the two groups is associated with 
life history divergence (Barthel et al. 2008) suggests that the differences might involve more than 
random genetic drift. 
 Genetic differentiation between the males that nested in the lake and river habitats could 
be due to genetic drift or to natural selection favoring the survival and reproduction of males 
with different phenotypic traits in the two habitats. Different traits were found to be correlated to 
the variance in annual reproductive success of the males that spawned in the lake and the river in 
Chapter 3. Then in Chapter 4 I documented that there would be stronger selection for males to 
delay first reproduction beyond the first age possible in the lake than the river. This result is 
consistent with the life history divergence that had previously been documented between males 
that spawned in the two habitats; males that spawned in the river matured at significantly 
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younger ages and smaller sizes than those that spawned in the lake in six of eight years (Barthel 
et al. 2008). Divergent selection between fine-scale contiguous habitats has been proposed to 
have led to parapatric divergence in a number of species, including arctic charr Salvelinus 
alpinus (Jonnson and Jonnson 2001) and threespine stickleback Gasterosteus aculeatus (Berner 
et al. 2009). Differentiation in the absence of physical barriers requires multiple ecotones where 
selection is strong enough to promote adaptive divergence even under significant gene flow 
(Endler 1977; Hendry et al. 2001; Gavrilets 2004; Gavrilets and Vose 2005; Thibert-Plante and 
Hendry 2008). Although selection pressures would have to be very strong to be responsible for 
genetic divergence between groups that regularly exchange moderate numbers of migrants, the 
fact that life history divergence has now been found to be associated with genetic differentiation 
and selection on different male traits in the two habitats means local adaptation is a more 
plausible explanation for phenotypic divergence than it previously had been.  
Multiple lines of evidence indicate that the spatial structure between males that 
reproduced in the river versus those that reproduced in the lake was stable through time, with 
genetic drift providing a low to moderate influence between years and year-classes. First, 
different loci were responsible for the genic differentiation documented between the group of 
males that spawned in the lake and those that spawned in the river in each year and year-class; 
the same loci would be expected to be responsible in consecutive or series of years and year-
classes if genetic drift was insignificant. Finding that allele frequencies drifted between years and 
cohorts is consistent with the variance in reproductive success documented in Chapters 3 and 4. 
Second, the factorial correspondence analysis plots showed that groups of males that nested in 
the same habitat from different years or year-classes grouped together, yet apart from the groups 
of males from the other habitat. Within a single habitat, however, groups from consecutive years 
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were often not the most proximate groups, another indication of genetic drift between years and 
year-classes. Third, the global AMOVA determined that larger portions of the total genetic 
variance were due to covariance among spatial groups rather than among temporal groups, 
indicating that spatial structure was greater then temporal differences. Fourth, when FST values 
were estimated for temporal samples collected from a single habitat, significant temporal 
variation was only documented among males that spawned in the river in multiple years, 
suggesting that there is some level of temporal stability in the genetic structure of fish that 
spawned in different years in the lake and from different year-classes in the lake and the river. 
Taken as a whole, these results indicate that there are consistent genetic differences between the 
groups of males that spawn in different habitats, but genetic continuity between the groups that 
nest in the same habitat through time. 
 This study also found evidence of restricted gene flow between groups of males that 
exhibited different phenotypes within the same habitat. Within the river, the males that matured 
at the earliest age (age-3) were found to have significant but low levels of genetic differentiation 
from those that delayed maturation (i.e., males that matured at ages 4-6). Genic differentiation 
was also detected between males that were philopatric to the lake (i.e., hatched and spawned 
within the lake) and those that hatched in the lake and then migrated to spawn in the river. This 
result is particularly intriguing because of the previous documentation that most radio-tracked 
males exhibited a potamodramous movement pattern where they migrated from the lake to the 
river prior to the reproductive period and then returned the lake before the onset of winter 
(Barthel et al. 2008). Nearly one quarter of the males that hatched in the lake migrated into the 
river to spawn (Chapter 2), which is three times the proportion of males that hatched in the river 
that migrated into the lake to spawn. Finding genic differentiation between migrant males and 
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philopatric males that hatched in the lake might be due to migratory behavior having a genetic 
basis, or it could be a spurious result due to the relatively small sample of males that migrated 
into the river. Although a direct comparison of the natal dispersal patterns (i.e., habitat philopatry 
vs. inter-habitat migration) of paternal males and their offspring could resolve the magnitude of 
the genetic basis, if any, of the potamodramous behavior, the fact that groups of smallmouth bass 
have been documented to follow potamodramous movement patterns in a number of other river-
lake systems (Webster 1954; Robins and MacCrimmon 1977; Gerber and Haynes 1988) might 
indicate that potamodramy is an alternative life history for populations of bass that inhabit lakes 
with tributary rivers.  
 Although this study represents the first investigation of fine-scale genetic structure 
among smallmouth bass, I would anticipate similar population structure to be present in other 
populations as well. In Chapter 2 I documented that many males did not disperse very far 
between the time they hatched and reproduced. The current chapter found that the restricted 
dispersal patterns resulted in genetic structure between fish that hatched in different areas of the 
study site. This pattern might not be found in systems where juveniles are passively carried 
downstream by high flows or alternatively in larger lacustrine habitats juveniles may disperse 
further from their natal sites in search of food. It is also possible that the availability of deep 
water overwintering habitat might influence the movement patterns and spatial structure of 
groups of fish inhabiting other river systems; individuals in some riverine populations have been 
found to migrate >75 river km in the fall and spring to return to the same 5 km segment of river 
in which they were captured during the previous year’s reproductive period (Langhurst and 
Schoenike 1990; Lyons and Kanehl 2002). This study provides another example of very-fine 
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scale population structure among organisms capable of long distance movements, indicating that 
this type of population structure may be much more widespread than assumed.  
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Tables. 
Table 5.1. Genetic diversity indices for male smallmouth bass that spawned in the lake or river 
habitats of the Mississippi River study site from each year (1998-2008) and for each year-class 
(1995-2002). The observed heterozygosity (HO), expected heterozygosity (HE), inbreeding 
coefficient (FIS), and allelic richness are presented. 
Collection 
Collection 
N HO HE FIS Richness 
Year 1998 Lake 33 0.689 0.698 0.014 6.40 
  River 59 0.683 0.700 0.024 6.12 
 1999 Lake 53 0.705 0.690 -0.022 6.01 
  River 56 0.698 0.706 0.012 5.92 
 2000 Lake 57 0.703 0.687 -0.024 6.78 
  River 59 0.696 0.699 0.004 6.22 
 2001 Lake 71 0.692 0.704 0.017 7.48 
  River 77 0.694 0.705 0.015 7.33 
 2002 Lake 29 0.694 0.699 0.009 6.88 
  River 66 0.673 0.693 0.030 6.57 
 2003 Lake 59 0.663 0.685 0.032 6.94 
  River 67 0.676 0.692 0.023 6.46 
 2004 Lake 62 0.643 0.678 0.052 6.23 
  River 71 0.679 0.697 0.026 6.31 
 2005 Lake 67 0.723 0.700 -0.033 7.12 
  River 118 0.718 0.691 -0.040 6.76 
 2006 Lake 51 0.691 0.687 -0.006 6.82 
  River 130 0.705 0.692 -0.019 6.56 
 2007 Lake 43 0.701 0.692 -0.012 6.38 
  River 97 0.698 0.687 -0.016 6.41 
 2008 Lake 64 0.687 0.672 -0.024 6.79 
  River 112 0.690 0.694 0.005 6.99 
        Year- 
class 
1995 Lake 28 0.698 0.682 -0.023 6.04 
 River 28 0.693 0.710 0.024 6.03 
1996 Lake 35 0.704 0.695 -0.013 5.95 
 River 37 0.677 0.696 0.027 6.06 
 1997 Lake 43 0.673 0.698 0.036 6.88 
  River 48 0.685 0.701 0.023 7.28 
 1998 Lake 28 0.707 0.697 -0.016 6.55 
  River 45 0.675 0.696 0.031 5.85 
 1999 Lake 29 0.668 0.685 0.025 6.33 
  River 66 0.688 0.712 0.033 5.98 
 2000 Lake 17 0.695 0.701 0.008 5.55 
  River 24 0.718 0.703 -0.022 5.72 
 2001 Lake 34 0.697 0.684 -0.018 5.97 
  River 95 0.692 0.688 -0.006 6.31 
 2002 Lake 37 0.711 0.700 -0.016 6.25 
  River 86 0.716 0.688 -0.040 6.56 
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Table 5.2. Results of spatial autocorrelation analyses run independently for the group of male 
smallmouth bass that nested in the river and males that nested in the lake for each year and year-
class. The distances at which the autocorrelation (r) estimates significantly greater than zero are 
presented for each group. 
 
 Lake River 
Group r (m) r (m) 
Year  
1998 150 50-100 
1999 0 200-250 
2000 0 50, 150 
2001 0 50 
2002 0 50-100 
2003 0 50 
2004 0 50 
2005 100 50-100 
2006 200 200-250 
2007 50 0 
2008 50 50 
Year-class  
1995 150 0 
1996 150 0 
1997 0 50, 150 
1998 0 0 
1999 0 150 
2000 0 0 
2001 100 50-250 
2002 50 200 
 
 1
8
0
 
Table 5.3. Genetic differentiation test results for comparisons of the male smallmouth bass that spawned in the river versus those that 
spawned in the lake in each year and year-class. The average number of private alleles per locus (i.e., alleles that were only detected in 
males that spawned in the river or the lake) are presented for each year and year-class. The loci found to be genically differentiated 
between males that spawned in the river or the lake are listed with those statistically significant after Bonferroni correction denoted by 
asterisks. Inf. denotes χ2 reported as infinite by GENEPOP. 
 
 Private 
alleles 
 Genic 
differentiation 
 
F-statistics 
  
 N  χ2 P  FST P G′ST  Genically differentiated loci 
Year           
1998 
 
1.78  128.4 <0.001  0.026 <0.001 0.086  Lma21, Lmar10*, Lmar14, Mdo8*, Msa22, MiSaTPW076*, 
MiSaTPW087, MiSaTPW165* 
1999 
 
1.63  99.6 <0.001  0.012 <0.001 0.040  Lma10, Lmar10*, MiSaTPW014, MiSaTPW087*, 
MiSaTPW116 
2000 
 
1.58  101.0 <0.001  0.009 <0.001 0.029  Lma10*, Lma21, Lmar14, Msa17, MiSaTPW087*, 
MiSaTPW116, MiSaTPW117, MiSaTPW165, MiSaTPW184 
2001 
 
2.42  66.6 <0.001  0.003 0.031 0.010  Lma21, Lmar14, Msa22, MiSaTPW117 
2002 
 
2.11  69.6 <0.001  0.010 0.001 0.033  Lmar14, MiSaTPW014, MiSaTPW076 
2003 
 
1.90  108.1 <0.001  0.011 <0.001 0.035  Lma10, Lmar10*, Lmar14, Mdo8*, Msa22*, MiSaTPW087, 
MiSaTPW107, MiSaTPW117, MiSaTPW165 
2004 
 
1.79  118.3 <0.001  0.021 <0.001 0.067  Lma10*, Lma21, Lmar14*, Mdo8, Msa22*, MiSaTPW014, 
MiSaTPW068, MiSaTPW117, MiSaTPW165 
2005 
 
1.64  Inf. <0.001  0.005 <0.001 0.016  Lma10, Lma21*, Lmar10, Msa17, MiSaTPW068, 
MiSaTPW117* 
2006 
 
1.73  92.24 <0.001  0.007 <0.001 0.023  Lmar14, Mdo8, Msa17, Msa22*, MiSaTPW107, MiSaTPW117 
2007 
 
1.73  85.1 <0.001  0.007 0.001 0.023  Lmar14, Msa17, Msa22*, MiSaTPW107*, MiSaTPW117, 
MiSaTPW165 
2008 
 
1.16  79.3 <0.001  0.009 <0.001 0.028  Lmar10*, Lmar14, Msa22, MiSaTPW068, MiSaTPW076 
 1
8
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Table 5.3 (cont.).  
 
 Private 
alleles 
 Genic 
differentiation 
 
F-statistics 
  
 N  χ2 P  FST P G′ST  Genically differentiated loci 
Year-class          
1995 
 
1.82  71.7 <0.001  0.015 <0.001 0.049  Msa17, MiSaTPW076*, MiSaTPW087 
1996 
 
1.83  63.5 0.001  0.007 0.028 0.023  Lma10, MiSaTPW107* 
1997 
 
2.70  78.2 <0.001  0.010 0.001 0.033  Lma21, Msa22*, MiSaTPW014, MiSaTPW087, MiSaTPW117 
1998 
 
1.90  84.6 <0.001  0.016 <0.001 0.053  Lmar14, Mdo8, MiSaTPW014, MiSaTPW076, MiSaTPW087*, 
MiSaTPW184 
1999 
 
1.91  63.9 0.001  0.013 <0.001 0.043  Lma10, Lmar10*, Msa22 
2000 
 
1.73  47.2 0.041  0.011 0.030 0.037  MiSaTPW014, MiSaTPW107, MiSaTPW116 
2001 
 
1.95  Inf. <0.001  0.007 0.008 0.022  Lma21*, MiSaTPW014, MiSaTPW068, MiSaTPW116, 
MiSaTPW117*, MiSaTPW165 
2002 
 
1.74  Inf. <0.001  0.008 0.001 0.026  Lmar10, Msa17*, Msa22*, MiSaTPW068, MiSaTPW076, 
MiSaTPW117 
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Table 5.4. Global analysis of molecular variance results (weighted averages over loci) for male 
smallmouth bass that spawned in the river and lake from each year (1998-2008) and year-class 
(1995-2002). The ―groups‖ are those males that spawned in the river or the lake, so that the 
among-group variation represents the amount of spatial structure. The collections are the 
individual years or year-classes in each habitat and the variation among collections within groups 
is the amount of temporal variation. 
 Years  Year-classes 
Source of variation Variance 
components 
Percentage 
variation 
 
Variance 
components 
Percentage 
variation 
Among groups (spatial) 
 
0.043 0.76%  0.028 0.49% 
Among collections within groups 
(temporal) 
0.020 0.36%  0.020 0.35% 
Among inds within collections 
 
-0.002 -0.04%  0.014 0.24% 
Within individuals 
 
5.547 98.92%  5.550 98.92% 
 
 
Table 5.5. Genetic differentiation test results for groups of male smallmouth bass that first 
spawned at different ages (―Age at first reproduction‖) and spawned in different number of 
reproductive seasons (―Reproductive lifespan‖) from the 1995-2002 year-classes. 
   
FST 
 Genic 
differentiation 
Habitat Groups N value P  χ2 P 
Age at first reproduction      
Lake 3 vs. 4 14   90 -0.002 0.679  33.65 0.387 
 3 vs. 5 14   81 -0.006 0.932  34.40 0.353 
 3 vs. 6 14   45 -0.006 0.870  33.78 0.382 
 4 vs. 5 90   81 -0.002 0.923  21.28 0.925 
 4 vs. 6 90   45 -0.002 0.926  26.16 0.756 
 5 vs. 6 81   45 -0.003 0.930  13.46 0.998 
River 3 vs. 4 138   196 0.002 0.002*  54.44 0.008* 
 3 vs. 5 138   55 0.006 <0.001*  49.25 0.026 
 3 vs. 6 138   25 0.011 <0.001*  63.60 0.001* 
 4 vs. 5 196   55 0.001 0.278  41.76 0.116 
 4 vs. 6 196   25 0.004 0.063  48.78 0.029 
 5 vs. 6 55   25 0.001 0.443  38.47 0.200 
Reproductive lifespan      
Lake 1 vs. 2 189   32 0.002 0.114  38.99 0.184 
 1 vs. 3+ 189   35 0.001 0.185  33.38 0.400 
 2 vs. 3+ 32   35 0.000 0.480  31.48 0.493 
River 1 vs. 2 294   86 0.001 0.043  43.34 0.087 
 1 vs. 3+ 294   56 0.002 0.048  50.20 0.021 
 2 vs. 3+ 86   56 0.001 0.261  32.31 0.451 
 1
8
3
 
Table 5.6. Genetic differentiation test results for groups of male smallmouth bass that spawned within and outside of their natal 
habitats from the 1998-2002 year-classes. The lower matrix presents pairwise FST values, the upper matrix lists the P values for tests 
of genic differentiation. Asterisks indicate results were statistically significant after sequential Bonferroni correction.   
 
 
Hatched in lake, 
spawned in lake 
(N = 128) 
Hatched in lake, 
spawned in river 
(N = 41) 
Hatched in river, 
spawned in lake 
(N = 30) 
Hatched in river, 
spawned in river 
(N = 314) 
Hatched in lake, spawned in lake  <0.001* 0.423 <0.001* 
Hatched in lake, spawned in river  0.005*  0.741 0.048 
Hatched in river, spawned in lake 0.000 -0.001  0.136 
Hatched in river, spawned in river  0.008* 0.000 0.000  
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Figures. 
 
Figure 5.1. Nest site locations in the years with the fewest (1998, N = 92) and most (2005, N = 
185) nesting male smallmouth bass. Each black circle represents the location of an individual 
nest site. 
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Figure 5.2. Spatial autocorrelation estimates for male smallmouth bass that spawned in the river 
and males that spawned in the lake (A) combined over years 1998-2008 and (B) combined over 
year-classes 1995-2002. Circles represent males that spawned in the lake; triangles are males that 
spawned in the river. 
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Figure 5.3. Factorial correspondence plots of group centroids for male smallmouth bass that spawned in the lake and males that 
spawned in the river in (A) 11 years (1998-2008) and from (B) eight year-classes (1995-2002). Groups that spawned in the lake are 
represented by circles; those that spawned in the river are represented by triangles. The numerical labels indicate the last two digits of 
the reproductive year (A) or year-class (B) for each group.  
 
A. B.
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CHAPTER SIX: MOLECULAR GENETIC CONFIRMATION OF HYBRIDIZATION 
BETWEEN LARGEMOUTH BASS AND SMALLMOUTH BASS (MICROPTERUS) IN THE 
WILD 
 
Abstract. 
Smallmouth bass (Micropterus dolomieu) and largemouth bass (M. salmoides) are congeneric 
species that co-occur in many lentic and lotic systems but have only been documented to 
hybridize in the wild in a single river system. In 2003, a long-term study of smallmouth bass 
reproductive ecology encountered a nest defended by a male smallmouth bass with two distinctly 
differently sized groups of eggs. One set of eggs were within the range of sizes observed for 
female smallmouth bass. The second set of eggs, however, were too small for smallmouth bass, 
but were the appropriate size to have been produced by largemouth bass, which were present at 
very low abundances in the study system. A sample of fin tissue was collected from the male 
guarding the brood and a subsample of both size classes of offspring were collected, raised in the 
laboratory until they had consumed their endogenous energy stores, and then one half the 
offspring were stored in ethanol and the rest frozen. Molecular genetic techniques (protein 
electrophoresis, microsatellite analysis, and RFLP analysis of mtDNA) confirmed that the larger 
eggs were offspring of the nest guarding male and a female smallmouth bass. The genotypes and 
haplotypes of the smaller sized offspring, however, indicated that the male smallmouth bass had 
also spawned with a female largemouth bass. The most plausible explanation for the breakdown 
of prezygotic isolating mechanisms is that the very low abundance of adult largemouth bass 
precluded conspecific mating for the female largemouth bass, although the motivation for the 
male smallmouth bass is less obvious. 
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Introduction. 
Natural hybridization has been observed between many species of centrarchid fish (Bolnick 
and Near 2005). These interspecific matings are facilitated by the fact that multiple species 
cohabit many systems (Near et al. 2003), and genetic incompatibilities between species have 
evolved more slowly in this family than other taxonomic groups studied (Bolnick and Near 
2005). As a result, prezygotic isolating mechanisms (e.g., differences in reproductive habitats or 
mating behaviors) play a large role in maintaining species integrity. There is evidence, however, 
suggesting that these barriers to interspecific mating may not hold under all environmental 
conditions and may be weaker among species that evolved allopatrically than those that evolved 
sympatrically. 
 Largemouth bass (Micropterus salmoides) and smallmouth bass (M. dolomieu) co-occur 
over large portions of their ranges (Near et al. 2003) and have very similar reproductive 
ecologies (i.e., paternal nest building and extended brood guarding during the spring). Viable 
offspring have been produced in the laboratory via in vitro crosses (Philipp et al. 1983a), 
although it should be noted that the two reciprocal in vitro crosses between largemouth and 
smallmouth bass have quite different viabilities (Philipp et al. 1983a); whereas the largemouth 
female × smallmouth male cross has viabilities approaching intraspecific offspring, the 
smallmouth female × largemouth male exhibits massive mortality prior to swim-up. There is a 
single published report of natural hybridization between these congeneric species in the wild. 
Littrell et al. (2007) reported that 10% of the fish captured in a Texas river that had been 
intensively stocked with non-native smallmouth bass were smallmouth bass × largemouth bass 
hybrids. The smallmouth bass stocking activities had been so extensive in this river that 
hybridization between smallmouth bass and native Guadalupe bass (M. treculi) had proceeded to 
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the point that pure Guadalupe bass were extirpated from the river (Littrell et al. 2007). In this 
case although the fish were wild, the conditions that led to the hybridization were far from 
natural. 
 In 2003, while conducting a long-term study of smallmouth bass reproductive ecology in 
southern Ontario, I encountered a nest defended by a male smallmouth bass with two distinctly 
differently sized groups of eggs. The eggs in one group were within the size range produced by 
female smallmouth bass. Eggs in the second set, however, were too small for smallmouth bass, 
but were the appropriate size for largemouth bass, which were present at very low abundances 
(less than 1% of the bass) in the study system. The objective of this study was to use molecular 
genetic techniques to determine the parental source of the two offspring types (i.e., interspecific 
or intraspecific mating). 
 
Methods. 
The putative hybrid nest was discovered in Millers Lake, a lentic section of the 
Mississippi River in Ontario (Frontenac County, Canada; 44°56'N, 75°42'W), by snorkelers 
monitoring smallmouth bass reproductive activity in May 2003. The large eggs were observed in 
the nest on May 20 with their deposition date being that same day (based on a well characterized 
developmental ontogeny for eggs of the species, Philipp et al. 1985). The small eggs were not 
present on May 20, but were observed upon revisiting the nest on May 22. These eggs were 
estimated to have been deposited on May 21, a day after the large eggs (again, based on the well 
characterized developmental ontogeny for the species, Philipp et al. 1985). These eggs were 
immediately recognized to be considerably smaller than any other eggs observed in smallmouth 
bass nests across a number of study sites in Ontario. I continued to monitor the progress of this 
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nest, and after the eggs hatched, a subset of fry of both size classes were collected (~200 of an 
estimated 4000 total fry in the nest), transported to the laboratory at the Queen’s University 
Biological Station, and reared until endogenous energy stores were consumed. At that point, half 
the fry were preserved in 95% ethanol for DNA extraction, while the rest were frozen for protein 
electrophoresis. The size differences of the two groups of fry at the time of preservation are 
shown in Figure 6.1. Every male bass guarding a nest within the study site (all were M. 
dolomieu) was captured by angling and had a small piece of caudal fin tissue removed and stored 
in 95% ethanol for DNA extraction. Molecular genetic analyses were performed at the Illinois 
Natural History Survey in Champaign, Illinois.  
Protein electrophoresis.—Twelve offspring of each size class were genotyped at three loci 
documented to have fixed allelic differences between smallmouth bass and largemouth bass 
(Kassler et al. 2002): malate dehydrogenase B (MDH-B, predominantly expressed in the white 
skeletal muscle), isocitrate dehydrogenase B (IDH-B, predominantly expressed in the liver), and 
phosphoglucomutase (PGM, expressed in both white muscle and liver). Specifically, whole fry 
were homogenized in 100mM Tris-HCl (pH 7.0), then centrifuged at 22,000 x g for 10 minutes 
at 4°C. Tissue extracts were subjected to vertical starch gel electrophoresis coupled with 
histochemical staining, as described by Philipp et al. (1979), with modifications from 
Koppelman and Philipp (1986). Allele designations follow Philipp et al. (1983b), with the 
relative mobility of each allele at each locus determined following assignment of a relative 
migration value of 100 for the most common anodally migrating allele detected.  
Genomic DNA extraction.—Genomic DNA was extracted using a technique described by 
Saghai-Maroof et al. (1984) and modified by Fields et al. (1989). Either whole fry or 
approximately 200 mg of fin tissue (for males) was ground gently in a solution of 100 mM Tris-
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HCl (pH 8.0), 10 mM EDTA, 1.4 M NaCl, 2% CTAB (Hexadecyl-trimethyl-ammonium 
bromide), and 0.2% 2-mercaptoethanol. Proteinase K was added to a final concentration of 10 
µg/mL, and the sample was then incubated at 60°C for 35 min. One phenol extraction and two 
chloroform:isoamyl alcohol (24:1) extractions were used to remove cellular debris and denatured 
protein from the DNA. DNA was precipitated overnight at -20°C in 95% ethanol, then 
centrifuged at 12,000 x g, air-dried, and resuspended in ddH20. 
mtDNA RFLP analysis.—Restriction fragment length polymorphism (RFLP) analysis was 
performed on a PCR-amplified segment of the mitochondrial genome that included two genes 
(NADH subunits 3 and 4). The amplified product was digested with four restriction 
endonucleases known to produce different mtDNA haplotypes for largemouth bass and 
smallmouth bass (Kassler et al. 2002). Approximately 2200 base pairs from the ND-3/4 region 
were amplified using a light-strand primer (L9386) that is located in the tRNA
Gly
 gene (5’-
GTACACGTCACTTCCAATCA-3’; Park et al. 1993) and a heavy strand primer (H11540) 
located in the tRNA
His gene (5’-AGAATCACAATCTAATGTTT-3’; Park et al. 1993). The 
polymerase chain reaction mixture modified from Echt et al. (1991) contained the following: 
approximately 25 ng of template DNA, Applied Biosystems 10X Buffer, 2.5 mM MgCl2, 100 
µM each of dATP, dCTP, dGTP, and dTTP, 0.08 pmol/µL each of the light and heavy strand 
primers, and 15-units Taq polymerase for each 50 µL reaction. Amplification was performed 
using an MJ Research PTC-100-60 thermocycler with the following profile: an initial 
denaturation step of 2 min at 95°C, followed by 45 sec at 94°C, 1 min at 45°C, and 2 min 30 sec 
plus a 4 sec extension/cycle at 70°C. This protocol was repeated for 29 cycles, followed by a 
final extension step at 70°C for 4 min, plus a final holding step at 4°C. 
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Subsamples (8µL) of each amplified PCR product were digested with each of four 
restriction endonucleases (Dde I, Dpn II, Msp I, and Rsa I; New England Biolabs Inc.), following 
manufacturer’s recommendations. Digests were separated electrophoretically in a gel consisting 
of 2.0% agarose and 1.0% Synergel (Diversified Biotech) in TAE buffer (0.04 M Tris-HCl, 5.7% 
glacial acetic acid, and 0.001 M EDTA, pH 8.0) with 0.5 µg/mL ethidium bromide to visualize 
banding patterns under ultraviolet light. A 100 base pair DNA ladder (0.5 µg/lane) was used as a 
standard for fragment-size determination. 
Microsatellite DNA analysis.—Electrophoresis was conducted on fluorescently labeled DNA 
fragments amplified at 17 polymorphic microsatellite loci developed for centrarchid fishes 
(Table 6.1). All PCRs were performed in 15-µL volumes using a MyCycler thermal cycler (Bio-
Rad Laboratories, Inc). Reactions consisted of 25 ng template DNA, 1× Assay Buffer B (100 
mM Tris-HCl, pH 9.0, 500 mM KCl; Fisher Scientific), 2.5 mM MgCl2, 0.2 mM each dNTP, 
0.75 unit Taq DNA polymerase (Fisher Scientific), and 0.1 mM spermidine. Most loci were 
amplified using a M13 (-21) labeling system (Schuelke 2000), where a universal primer carrying 
a fluorescent probe was present at 0.1 µM concentration, a tailed primer was present at 0.05 µM 
concentration, and the untailed primer was at 0.15 µM concentration. A minority of the loci had 
fluorescent probes that were directly attached to either the forward or reverse primers; these 
primers were added at 0.75 µM concentration. Thermocycler parameters were 94°C for 2.0 min, 
followed by 33-48 cycles of denaturation at 94°C for 30 s, annealing for 30 s at primer-specific 
temperature, extension at 72°C for 45 s, and a final extension at 72°C for 10 min (locus specific 
annealing temperatures and cycles are presented in Table 1). The sizes of fluorescently labeled 
fragments were analyzed on ABI Prism377 DNA Sequencing systems (Applied Biosystems, 
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Inc.). Alleles were scored using GENESCAN and GENOTYPER software (Applied Biosystems 
Inc.).  
Genetic paternity analysis.—Genetic paternity tests were used to confirm or refute that the nest-
guarding male had sired either or both of the offspring types collected from the nest. The 
likelihood methods included in the paternity software CERVUS (Kalinowski et al. 2007) 
determined which of the 122 males that spawned in the system in 2003 was most likely to have 
sired 12 fry from each size class. Assignments were conducted at both relaxed and strict 
confidence levels (80% and 95% statistical confidence in the accuracy of assignments, 
respectively) and assumed a 3% genotyping error rate. 
 
Results. 
Protein electrophoresis.—Largemouth bass and smallmouth bass have fixed allelic differences 
at each of the three protein loci examined (Kassler et al. 2002): largemouth bass have alleles with 
relative mobilities of 100 and 114 at MDH-B, whereas smallmouth bass have a single allele with 
mobility of 128; largemouth bass are fixed for a 100 allele at IDH-B, whereas smallmouth bass 
have a 120 allele; largemouth bass have 153 and 175 alleles at PGM whereas smallmouth bass 
have an allele with mobility of 137. Difficulty in obtaining sufficient enzymatic activity from 
individual fry at this early age (especially from the small sized fry) resulted in fewer than the 12 
genotypes being collected for each size class of fry at each locus. In any case, all of the large 
offspring genotypes were fixed for smallmouth bass alleles, whereas the small offspring had both 
a largemouth bass and a smallmouth bass allele at each locus, suggesting that they resulted from 
an interspecific mating between a largemouth bass and smallmouth bass (Table 6.2).  
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mtDNA RFLP analysis.—Eight large offspring and fifteen small offspring were analyzed for 
mtDNA RFLP variation using four restriction enzymes. The banding pattern specific to 
largemouth bass has been denoted A for all four restriction enzymes; the smallmouth bass 
patterns are D for Msp I, and B for Dde I, Dpn II, and Rsa I. All eight of the large offspring had 
the composite haplotype DBBB (restriction enzymes in the following order: Msp I, Dde I, Dpn 
II, Rsa I) and all 15 small offspring had the haplotype AAAA, indicating that the maternal parent 
of the large offspring was a smallmouth bass, whereas the small offspring had a largemouth bass 
mother. 
Microsatellite DNA analysis—Microsatellite DNA genotypes were determined for 12 offspring 
from each size class, the parental male smallmouth bass guarding the putative hybrid nest, and 
121 other smallmouth bass captured while defending nests in 2003. Each offspring of both types 
shared at least one allele with the nest-guarding male at every locus, offering strong support that 
the nest-guarding male had sired all the offspring analyzed from the nest (Table 6.3). The 
maternal contribution to offspring genotypes were inferred through the identification of the 
alleles that the offspring had not inherited from the male (Table 6.3). The maternally inherited 
alleles of the large offspring were all observed among the nesting male smallmouth bass captured 
that year (Table 6.4). In contrast, the small offspring had at least one maternally inherited allele 
that was not observed in the adult smallmouth bass population for 10 of the 17 loci examined 
(Table 6.4).  
Genetic paternity analysis.—CERVUS found that the nest-guarding male was more likely to 
have sired each of the 24 fry than any of the other males that spawned that year. Statistical 
confidence in assignments was higher for the small fry (10 strict and 2 relaxed confidence 
assignments) than for the large fry (8 strict and 4 relaxed confidence assignments).  
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Discussion. 
This is the first documentation of hybridization (in either direction) between largemouth 
bass and smallmouth bass within a natural population within their native ranges. When taken 
together, the protein electrophoresis and mtDNA analyses conclusively indicate that although the 
large offspring were pure smallmouth bass, the small offspring were F1 hybrids produced from a 
male smallmouth bass spawning with a female largemouth bass. The microsatellite data, which 
confirm that the male guarding the nest was indeed the father of all of the offspring (i.e., both the 
large smallmouth bass fry and the smaller F1 hybrids), also corroborate that the small offspring 
were produced by interspecific hybridization. 
The hybridization event documented in this paper is the only interspecific mating 
observed in eighteen years of studying this population (i.e., observations on over 2500 nests) and 
others in southern Ontario. Although it is impossible to determine what factors led to mating 
between a female largemouth bass and a male smallmouth bass, the low abundances of 
largemouth bass within the system is likely to have been an important factor. Hubbs (1955) 
proposed that interspecific hybridization is more likely to occur when one of the species occurs 
at low abundances relative to the other. As previously stated, research at this site is focused on 
smallmouth bass reproductive activity and has found that >100 smallmouth bass nests receive 
eggs in an average year (Barthel et al. 2008). In contrast, in most years there are no largemouth 
bass nests found within the study site. In fact researchers have observed non-spawning 
largemouth bass adults and juveniles only infrequently while conducting surveys of smallmouth 
bass reproduction (unpublished data). Interestingly, researchers observed a healthy female 
largemouth bass several times within the study site that year. It seems plausible that a lack of 
conspecific mating opportunities (coupled with a lack of ardent largemouth bass males) might 
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have led the female largemouth bass to initiate spawning activities with a male smallmouth bass. 
The motivation of the male smallmouth bass is less obvious, especially considering that it had 
spawned with a female smallmouth bass the day prior to the interspecific mating.  
Annual visual surveys of bass within the system conducted from 2004-2009 have not 
observed any bass exhibiting hybrid phenotypes (either sharing features of both parental species 
or having intermediate features), suggesting that the hybridization described herein was an 
aberrant event without long-term consequences for the population. The fact that there has only 
been one documented case of hybridization between largemouth and smallmouth bass, even 
though the species co-occur and have produced viable offspring in laboratory crosses, suggests 
that introgression between the two species should not be a concern for management or 
conservation. Hybridization between other endemic and non-indigenous black bass species has 
been observed numerous times following introductions (Edwards 1979; Philipp et al. 1983b; 
Whitmore 1983; Maciena et al. 1988; Morizot et al. 1991; Dunham et al. 1992; Gilliland 1992; 
Koppelman 1994; Forshage and Fries 1995; Gelwick et al. 1995; Avise et al. 1997; Pierce and 
Van Den Avyle 1997; Pipas and Bulow 1998; Barwick et al. 2006) and have threatened the 
persistence of native species with limited ranges and small population sizes (Koppelman and 
Garrett 2002). As previously stated, the Guadalupe bass is currently threatened by competition 
and introgression with introduced smallmouth bass in streams in central Texas (Morizot et al. 
1991; Littrell et al. 2007). In that case, hybridization has occurred to such an extent that the 
authors of a recent study called for the level of introgression between Guadalupe bass and 
congeners to be assessed throughout the species range after finding that pure Guadalupe bass had 
been extirpated from a major stream despite a concerted effort to preserve the population by 
stocking Guadalupe bass into the river during the mid 1990’s (Littrell et al. 2007). Perhaps the 
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greatest example of hybridization producing significant, irreversible changes to black bass 
populations is the widespread introgression of largemouth bass and Florida bass in lakes and 
streams throughout North America (Philipp et al. 1983b), a result of deliberate introduction 
programs.  
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Tables. 
 
Table 6.1. Characteristics of the microsatellite loci used in this study of suspected hybridization 
between a smallmouth bass and largemouth bass. The name, labeling system (loci either used a 
M13 system or had fluorescent probes directly fixed to the forward primer), annealing 
temperature (Ta), number of PCR cycles, number of alleles (A), size range of alleles, original 
published reference, and GenBank accession number for each locus.  
 
Locus Label Ta  Cycles A Size range  Reference GenBank no. 
Lma10 Forward 49.2 33 5 117-131 Colbourne et al. 1996 na 
Lma21 Forward 45 33 6 194-204 Colbourne et al. 1996 na 
Lma120 Forward 49.2 33 2 181-183 Colbourne et al. 1996 na 
Lmar10 M13 57.7 40 4 240-252 Schable et al. 2002 AF503933 
Lmar14 M13 45 42 8 198-212 Schable et al. 2002 AF503936 
Mdo1 Forward 55 35 4 190-210 Malloy et al. 2000 AF294489 
Mdo3 M13 53.9 40 4 138-146 Malloy et al. 2000 AF294491 
Mdo4 Forward 55 40 2 143-147 Malloy et al. 2000 AF294492 
Mdo8 M13 55 35 5 212-230 Malloy et al. 2000 AF294496 
Mdo11 M13 57.7 40 2 189-193 Malloy et al. 2000 AF294499 
MiSaTPW12 M13 60 46 9 294-354 Lutz-Carrillo et al. 2008 EF590067 
MiSaTPW050 M13 58.9 40 3 215-235 Lutz-Carrillo et al. 2008 EF590075 
MiSaTPW068 M13 57 44 7 209-330 Lutz-Carrillo et al. 2008 EF590083 
MiSaTPW076 M13 57 48 8 232-276 Lutz-Carrillo et al. 2008 EF590085 
MiSaTPW107 M13 58.9 44 9 266-294 Lutz-Carrillo et al. 2008 EF590091 
Msa17 M13 58.9 44 13 215-263 Unpublished DQ211535 
Msa22 M13 58.9 48 4 272-290 Unpublished DQ211537  
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Table 6.2. The numbers of large and small Micropterus fry exhibiting each possible genotype for the three protein loci evaluated. The 
genotypes expected for progeny of smallmouth bass × smallmouth bass (SMB), largemouth bass × smallmouth bass (Hybrid), and 
largemouth bass × largemouth bass (LMB) crosses are denoted. The number of fry exhibiting each of the two mtDNA RFLP 
composite haplotypes is also presented. The restriction endonuclease banding patterns are listed in the following order: Msp I, Dde I, 
Dpn II, and Rsa I. 
 
MDH-B IDH-B PGM mtDNA RFLP 
114/114 114/128 128/128 100/100 100/120 120/120 153/153 137/153 137/137 AAAA DBBB 
(LMB) (HYB) (SMB) (LMB) (HYB) (SMB) (LMB) (HYB) (SMB) (LMB) (SMB) 
Large fry 0 0 9 0 0 11 0 0 7 0 8 
Small fry 0 5 0 0 4 0 0 6 0 15 0 
 
 2
0
4
 
Table 6.3. Multilocus microsatellite genotypes of the nest-guarding male and both groups of Micropterus offspring. The inferred 
maternal genotypes are the alleles observed among the offspring that were not inherited from the nest-guarding male. Paternally 
inherited alleles are listed in bold.  
 
 Lmar14  Mdo1  Lma21  Lma10  Mdo8  Mdo4  Mdo3  Lma120  Lmar10 
Male 202 206  194 194  199 203  125 131  218 218  143 147  140 142  183 183  248 248 
Large fry 1 202 212  194 210  199 203  125 125  214 218  143 147  140 140  183 183  248 248 
Large fry 2 206 212  194 194  199 203  125 131  214 218  143 147  140 140  181 183  240 248 
Large fry 3 200 202  194 194  199 203  125 131  218 218  143 147  140 142  183 183  248 248 
Large fry 4 200 206  194 194  199 203  125 125  214 218  147 147  140 142  181 183  248 248 
Large fry 5 206 212  194 194  199 199  125 131  218 218  147 147  140 140  181 183  248 248 
Large fry 6 202 212  194 194  199 199  125 131  218 218  147 147  140 140  181 183  240 248 
Large fry 7 200 202  194 210  199 199  125 131  214 218  147 147  140 140  181 183  248 248 
Large fry 8 206 212  194 194  199 203  125 125  218 218  143 147  140 140  183 183  248 248 
Large fry 9 206 212  194 210  199 199  125 125  214 218  143 147  140 140  183 183  248 248 
Large fry 10 200 202  194 210  199 199  125 131  218 218  147 147  140 140  183 183  248 248 
Large fry 11 200 206  194 194  199 203  125 125  218 218  143 147  140 142  181 183  248 248 
Large fry 12 200 202  194 194  199 203  125 131  218 218  143 147  140 140  181 183  240 248 
Small fry 1 182 202  194 198  173 203  117 125  218 218  133 147  136 140  183 189  248 253 
Small fry 2 182 202  194 198  173 203  117 131  218 218  137 147  136 140  183 189  248 253 
Small fry 3 182 206  194 198  173 203  117 125  218 218  137 143  136 142  183 189  248 253 
Small fry 4 182 206  194 198  173 203  117 131  218 218  137 143  136 140  183 189  248 248 
Small fry 5 182 206  194 198  173 199  117 131  218 218  133 143  136 140  183 189  248 248 
Small fry 6 182 202  194 198  131 203  117 125  218 218  137 147  136 140  183 189  248 248 
Small fry 7 182 206  194 198  131 203  117 131  218 218  137 147  140 142  183 189  248 248 
Small fry 8 182 202  194 198  173 199  117 131  212 218  133 143  136 142  183 189  248 253 
Small fry 9 182 206  194 198  173 199  117 125  212 218  133 143  136 140  183 189  248 253 
Small fry 10 182 206  194 198  173 203  117 131  218 218  137 147  136 142  183 189  248 253 
Small fry 11 182 206  194 198  173 203  117 125  218 218  133 143  136 140  183 189  248 253 
Small fry 12 182 206  194 198  173 203  117 131  218 218  137 147  136 142  183 189  248 253 
Mother  
of large fry 200 212  194 210  194 210  125 125  214 218  147 147  140 140  181 183  240 248 
Mother  
of small fry 182 182  198 198  131 173  117 117  218 218  133 137  136 140  189 189  253 253 
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Table 6.4. Allele frequencies observed among the large and small Micropterus fry (12 each) for 
each of the 17 microsatellite loci. Asterisks denote alleles that were not observed among any of 
the genotyped adult male smallmouth bass. 
 
Locus Allele Large fry Small fry  Locus Allele Large fry Small fry 
Lmar14 182* - 0.500  Mdo11 189 0.500 1.000 
 200 0.250 -   193 0.500 - 
 202 0.250 0.167      
 206 0.250 0.333  Msa17 215 0.500 - 
 212 0.250 -   226 - 0.500 
      237 0.167 0.250 
Mdo1 194 0.833 0.500   239 0.333 0.250 
 198* - 0.500      
 210 0.167 -  Msa22 282 0.500 0.083 
      284 0.500 0.917 
Lma21 131* - 0.083      
 173* - 0.417  MiSaTx12 294 0.500 0.500 
 199 0.708 0.125   302 0.250 - 
 203 0.292 0.375   322 0.250 - 
      363* - 0.292 
Lma10 117 - 0.500   371* - 0.208 
 125 0.708 0.208      
 131 0.292 0.292  MiSaTx50 215 0.208 0.208 
      224* - 0.500 
Mdo8 212 - 0.083   231 0.792 0.292 
 214 0.208 -      
 218 0.792 0.917  MiSaTx68 201* - 0.292 
      205* - 0.208 
Mdo4 133* 0.208 -   217 0.667 0.292 
 137* 0.292 -   221 0.333 0.208 
 143 0.250 0.292      
 147 0.250 0.708  MiSaTx76 240* - 0.167 
      252* - 0.333 
Mdo3 136* - 0.458   256 0.167 - 
 140 0.875 0.333   268 0.250 0.292 
 142 0.125 0.208   272 0.583 0.208 
         
Lma120 181 0.292 -  MiSaTx107 274 0.500 - 
 183 0.708 0.500   276 0.500 0.792 
 189* - 0.500   284* - 0.208 
         
Lmar10 240 0.125 -      
 248 0.875 0.667      
 253 - 0.333      
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Figure 6.1. Photograph of five large and five small sized Micropterus fry taken on June 13, 2003. 
Currency (10¢ CDN) is included for scale. 
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CHAPTER SEVEN: CONCLUSION 
 
 The previous chapters have documented that there were significant restrictions to gene 
flow over space and through time among the smallmouth bass that inhabited this small-scale 
system. Chapter 2 documented that more than three-quarters of the offspring had been captured 
within 1 km of their natal sites and the majority of males spawned within the habitat in which 
they had hatched. In Chapter 5 these restricted dispersal behaviors were found to be associated 
with genetic differentiation between the males that spawned in the lake versus the river. Habitat-
specific patterns of gene flow were documented as well; males that nested near each other tended 
to be more closely related than those that nested further away in the river, but not in the lake. 
Variance in reproductive success was found to be correlated to different male traits in the two 
habitats in Chapter 3; larger males produced more adult male offspring in the lake, whereas, the 
largest males that spawned in the river tended to have average success. In the river, reproductive 
success was linked to the date on which the males spawned within the reproductive season. Then 
in Chapter 4 I documented that males that delayed first reproduction beyond age-4 had the 
greatest lifetime reproductive success in the lake, whereas there was no reproductive benefit of 
spawning at ages older than age-4 in the river. Together, the results from Chapters 3 and 4 
indicate that there is an opportunity for natural selection to influence the phenotypes (if the traits 
are heritable) exhibited by the male smallmouth bass spawning within the system, and that the 
life history divergence and genetic differentiation between the males that spawned in the lake 
versus river habitats might have resulted from natural selection favoring different genes or 
genotypes (again, if the traits are heritable) in each of habitats.  
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I propose that integrating the results from these chapters provides a plausible scenario for 
the development and maintenance of the life history variation that has been documented within 
the system (Barthel et al. 2008). First, natal dispersal patterns have resulted in restricted gene 
flow between the groups of males that spawned in the lake and river. This has resulted in 
population structure between the groups of males that spawned in the lake versus the river. This 
structure provides an opportunity for natural selection favoring different male trait in the lake 
versus river environments (i.e., different traits being correlated to fitness) to lead to life history 
divergence. The difference in the proportion of the offspring that hatched in the lake versus river 
that survived to spawn could be a primary factor driving different selection pressures on male 
traits in the two habitats. The lower likelihood of offspring survival in the lake meant that males 
that spawned in the lake needed to produce more offspring during the parental care period than 
the males that spawned in the river in order to have the same likelihood of having one of them 
survive to maturity. The positive relationship between age at first reproduction and the number 
of fry that males that spawned in the lake produced during their lifetimes meant that delaying 
first reproduction until age-5 or age-6 resulted in more fry produced during an individual’s 
lifetime and an improved likelihood that one or more offspring would survive to maturity. 
Therefore, the lower offspring survival rates and greater fitness benefits of large body size in 
lake could have resulted in selection for males that spawned in the lake to reproduce for the first 
time at older ages than the males that spawned in the river.  
 The dispersal patterns reported in Chapter 2 represent the first time that the spatial 
ecology of adult smallmouth bass has been linked to the locations where individuals had hatched. 
I was able to document that most males spawned within their natal habitat, however, the analyses 
were not able to determine whether this was due to the restricted dispersal patterns or if 
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individuals avoided dispersing outside of the environment in which they hatched (i.e., chose to 
remain within their natal habitat). Only 3 of the 38 male offspring that were determined to have 
hatched in pool 8 (the last pool before the rapids into the lake) spawned in the lake, while 13 
males spawned in pools upstream of pool 8 (the 22 other males spawned within pool 8); the fact 
that more males dispersed upstream than downstream could be due to most males avoiding 
spawning in the lake. The fact that 17% of the age-1 offspring that hatched in the river were 
caught in the lake, while only 9% of the males that hatched in the river spawned in the lake 
might also indicate fish returning to spawn in the river rather than the lake, however, there are a 
number of other possible explanations as well (e.g., females having greater propensity to disperse 
into the lake). The opposite pattern was found for the offspring that hatched in the lake. Nearly 
10% of the age-1 offspring were captured in the river while 24% of the adult males spawned in 
the river. Future investigations into where the age-2 and age-3 juveniles are located relative to 
their natal sites might help answer the question of whether individuals avoid dispersing outside 
of their natal habitat. If a greater proportion of individuals were found to be located outside of 
their natal habitat at age-2 and age-3 than as adults it would suggest that males were selecting 
(i.e., returning) to spawn within their natal habitat. The locations of the age-2 and age-3 juveniles 
could also help answer the question of whether males were exhibiting natal homing, or not. If the 
juveniles were found to be located further from their natal sites than the adults, it would suggest 
that natal homing was occurring. From a population genetics standpoint, whether the males 
displayed natal homing is inconsequential to the fact that the dispersal behaviors resulted in 
restricted gene flow over space. 
Natal homing has been documented to result in the members of the same family lineage 
returning to reproduce in the same area over multiple generations. For example, female green sea 
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turtles (Chelonia mydas) migrate hundreds or thousands of miles to return to the same nesting 
beaches in which they had hatched, resulting in strong matrilineal (mtDNA) structure between 
beaches (Bowen et al. 1992). The study documented that the males that hatched in the river 
dispersed shorter distances from their natal sites than the males that hatched in the lake. The 
more restricted dispersal distances in the river would be expected to result in siblings, and other 
close relatives, often nesting in relatively close proximity to one another. This was confirmed 
when the degree of genetic relatedness was found to be correlated to the geographic distance 
between male nests sites in the river in chapter five. Together, the restricted natal dispersal and 
strong nest site fidelity exhibited by adult males would have the potential to result in members of 
the same paternal lineage spawning in the same general area over multiple generations. This 
could result in multigenerational genetic structure wherein male members of each family line 
return to reproduce in specific spawning areas within larger gene pools (i.e., populations).  
I believe that one of the most plausible explanations for the difference in the dispersal 
patterns in the lake versus the river is that food resources for juvenile smallmouth bass are less 
abundant in the lake than in the river. The abundances of food resources in the two habitats have 
not been measured or compared, however, if there were fewer resources in the lake it could lead 
the offspring to disperse greater distances from their natal sites while searching for forage as 
juveniles. Snorkelers observe greater numbers of juveniles in flowing water sections of the river 
and the lake than in still water areas; they are often observed actively feeding on invertebrates 
drifting downstream in rapids and riffles. If flowing water areas are more productive foraging 
areas than still water areas, the offspring that hatched in the river would not have needed to 
disperse as far while foraging because there are riffles or rapids at both ends of every pool, while 
the only swiftly flowing water exists at the top and the bottom of the lake. Future tests of the 
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hypothesis would require sampling the relative abundance of invertebrate forage organisms in 
the two habitats, and in areas where there is flowing water and areas where there is not. 
It would be interesting to investigate how the restricted dispersal patterns influenced the 
patterns of genetic relatedness in larger systems. Both the lake and river habitats of the current 
study site were small-sized relative to many of the lakes and streams in habited by smallmouth 
bass. Stepien et al. (2007) evaluated the level of genetic divergence between groups of 
smallmouth bass collected from a number of locations around Lake Erie and its tributaries 
(sample sizes ranged from 10-68 fish per collection site) and found that the genetic relationships 
were concordant with isolation by distance (i.e., a positive relationship between the genetic 
distance and geographic distances of fish from different collection sites). This supports the 
expectation that the restricted dispersal behaviors will restrict gene flow over space, however, I 
propose that deeper insight into spatial patterns would be gained from sampling individuals over 
a large continuous section of a lake (e.g., collecting a small number of individuals within each 
500 m segment of a 20+ km section of the littoral zone of a large lake) rather than collecting 
individuals from a number of geographically separate sampling locations. This would provide 
the opportunity to evaluate how genetic relationships vary across an extensive section of habitat 
without barriers to dispersal (assuming that reproductive habitat was continuously, or at least 
regularly, distributed throughout the section). For instance, the residuals from the plot of 
geographical distance versus genetic distance would provide insight how consistent patterns of 
gene flow were over space; the greater the residuals the greater the discontinuities in gene flow. 
A similar approach could be applied to long river reaches, and I would expect that the more 
complex physical habitats of rivers (i.e., the riffles, rapids, and pools) would result in greater 
population structure in riverine environments than lake systems.   
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It is paradoxical that the largest males that spawned in the river had sired fewer of the 
age-1 and adult male offspring than was expected despite the fact that the offspring survival rates 
in the river were greater than in the lake. It seems like the most plausible explanation is that the 
largest males having provided lower quality parental care to their offspring than the smaller sized 
males within the river. Parental investment theory would predict that these males would invest 
heavily into parental care due to the fact that they would have little expectation of having future 
reproductive opportunities (Clutton-Brock 1991). If that prediction were true, then the lower 
quality parental care might have resulted from the largest males might having had less energy to 
invest into parental care than the smaller males in the river. The fact that the largest males that 
spawned in the lake produced the greatest number of offspring indicates that they did not 
encounter the same energetic limitations as the large males that spawned in the river. Previously 
I had assumed that the energetic requirements of parental care were similar in the lake and river 
habitats; nest predator abundances were low in both habitats (in fact, the lowest of any 
population studied in that part of Ontario) and the males that spawned in the river generally 
selected nest sites in still water areas where they were not dealing with the current while 
providing parental care. Future work could test this assumption by comparing the parental care 
activities (e.g., enumerating the number of parental care behaviors) of the males that nested in 
the river versus the lake. It is also possible that the largest males that spawned in the river 
entered the reproductive period with fewer energetic reserves than similarly sized males that 
spawned in the lake; this too could be directly tested by capturing males at the start of the 
parental care period and measuring energetic reserves or body condition. The same approaches 
could be used to investigate whether there was age or size-related variance in the energetic 
reserves or parental care activity among the males that spawned within the same habitat (i.e., did 
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the smaller and medium sized males have greater energetic reserves than the largest males that 
spawned in the river).  
Prior to the work reported in Chapters 3 and 4, nearly all information on the individual 
reproductive success of male smallmouth bass was limited to the number of eggs or fry that they 
raised during the parental care period. The sole exception was the study that used genetic 
fingerprints to determine with males had sired offspring collected the fall after hatching, but 
could not correlate variance in success to male traits; Gross and Kapuscinski 1997). I have 
documented that there were significant relationships between male traits and individual 
reproductive success, however, the proportion of the variance explained by the traits was low, 
which indicates that chance played a role as well. The fact that fewer than half of the males that 
spawned in each year had one or more male offspring survive to reproduce within the system 
suggests that there is a significant risk for angling to negatively impact population recruitment. 
Finding male body size to be correlated to reproductive success for the males that spawned in the 
lake and spawn date linked to the reproductive success of the males that spawned in river 
suggests that recruitment could be improved by regulations designed to protect specific groups of 
males within populations. For instance, maximum length regulations that prevent the harvest of 
the largest males in populations could result in more offspring surviving and entering the 
reproductive population. Closed seasons that restrict angling during the early periods of the 
reproductive season might also result in improved recruitment. Further work is required to 
determine how representative the relationships detected within this study system might be for 
other smallmouth bass populations. 
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